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FOREWORD 

This program was sponsored by the 

Air Force Rocket Propulsion Laboratory 
Director of Science and Technology 

Air Force Systems Command 
tdwards, California, 93523 

The technical effort reported herein was accomplished under Contract 
F04611-71-C-0046 and covered the period from May 1971  through June 1973. 
Mr. Norman Walker was the Air Force project engineer at the start of this 
contract until he left AFRPL.    Dr.  Randy L. Peeters was the Air Force materials 
engineer for the remainder of this contract. 

The program was completely successful  in meeting its objectives.    The 
success of the program was due to the combined efforts of key personnel  at 
two facilities, the Aerojet Solid Propulsion Company and the Texas A&M Research 
Foundation.    The Aerojet team performed an extensive experimental effort, 
developed computerized characterization techniques, and performed theoretical 
werk in developing constitutive equations which accurately model  the multi- 
axial behavior of composite propellants.     me team at the Texas A&M Research 
Foundation supported the erfort by performing theoretical and experimental 
work to develop mathematical models for characterizing solid propellants 
under realistic states of strain.    The emphasis of their work was to develop 
simple constitutive equations based on thermodynamic principles for visco- 
elastic materials having microstructural  damage. 

The key technical  personnel on this program we're:    Dr.  Richard J. Farris 
who directed the Aerojet effort and coordinated the overall effort as the 
Program Technical Manager, and Dr. Richard A. Schapery who directed the Texas 
ARM effort.    Mr.  Frederick H.  Davidson performed all  of the experimental work 
at Aerojet and Mr.  Dennis F. Vronay was primarily responsible for the computerized 
characterization work.    Mr.  L.  E.  Lewis and Mr.  R.  T.  Shankle performed the 
Texas A&M experimental  effort which was under the guidance of Mr.  Scott Beckwith. 

This  technical   report, has been  reviewed and  is approved. 

Dr.   Randy L.   Peeters  (MKPB) 
Materials  Engineer, AFRPL 
Edwards, California 
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ABSTRACT 

This program was designed to develop three dimensional nonlinear 
viscoelastic equations that could describe the stress-strain response of 
solid propellant materials for complex loading conditions.    The approach 
used was to identify and mathematically model  the underlying mechanisms 
contributing to the constitutive nonlinearity In these highly filled 
Polymeric materials and to then include these effects within the frame- 
work of a continuum constitutive theory.   Also considerable theoretical 
work was done showing how the resulting mathematical  representations 
Could be contained within the framework of a thermodynamic theory and 
viscoelastic fracture mechanics.   During the course of this contract 
considerable experimental as well as theoretical work were performed 
since the development of the theory was based on modeling observable 
effects.    The experimental work consisted of determining the three dimen- 
sional strain response due to complex stress histories at temperatures 
from -650F to +150oF and superimposed hydrostatic stress-states from 0 
to 1000 psi.    In total over 250 experiments were run using uniaxial and 
biaxial volumetric dilatometers and the stress-strain-strain invariant- 
time history of each experiment is stored on magnetic tape and can be 
made available for others to use. 

The program was successful in meeting Its objectives and some of 
the program developments and conclusions are as follows.    The dominant 
mechanisms leading to the nonlinear stress-strain response is micro- 
structural damage in the form of the Mullins'  stress-softening effect 
and vacuole dilatation.    Reversible nonlinearities such as second order 
hereditary strain effects were found to be of secondary importance. 
These effects have be'n successfully modeled and combined into a relatively 
simple constitutive theory that works very well  for fitting the distor- 
tional stress-strain behavior under complex loading conditions.    This 
theory is a permanent memory constitutive theory and contains irreversible 
effects of the past history on the current response which are not Included 
in the usual fading memory viscoelastic theories.    Tin'   -ffects are included 
in the permanent memory theory through time-dependent structural damage as 
well as the ordinary viscous energy dissipation,     me bulk effects were also 
modeled and good agreement could be obtained only when the vacuole gas phase 
compressibility was included in the constitutive theory which resulted in a 
mixed stress-invariant-strain invariant representation.    To handle the large masses 
of data generated on this contract computerized characterization techniques 
were developed wherein the equations could be fit to large masses of data 
to determine the applicability of the theory.    For constant temperature 
conditions the theory could be fit within a standard deviation of + M% of 
the observed distortional stress data for approximately forty compTex experi- 
ments using the entire response curve to failure.    The overall accuracy 
dropped when all  the temperature data was analyzed together to about + 15%. 
The hulk response predictions were poorer and typical deviations were + 2S% 
nevertheless all  of the proper trends were in the predictions and much of 
these errors were no doubt experimental. 
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FOREWORD  TO APPENDIX A 

Appendix A,  "Studies on the Nonlinear Vlscoelastic Behavior of 

Solid Propellent," represents the final technical report from Texas A&M 

University subcontract effort  to the Aerojet Solid Propulsion Company. 

The work at Texas A&M was performed under the direction of 1rofessor 

R. A. Schapery.    The intent of this subcontract was to  (1)   support the 

theoretical and experimental efforts being conducted at Aerojet,  (2) pro- 

vide an independent laboratory and technical staff to test and verify con- 

stitutive assumptions,   (3)  study the relation between Ferris' .non-fading 

niemory constitutive theory and Schapery's thermodynamic theory, and 

(4)  compare the relation,  if any, between FarriR1  model for the Mullins' 

effect and Knauss'   theory for the influence of microstructural cracks on 

the mechanical response of propellants. 

The work performed at Texas A&M not only provided support for the 

work and representations used at Aerojet but recommended alternate inverse 

representations using I— norms in stress rather than strain.    In particular, 

the energy approach used by Schapery was instrumental in suggesting simplified 

three dimensional representations using only two st-^in invariants,  the 

dilatation and the octahedral  shear strain and bringing out  the coupled 

dependency of dilatation and mean pressure on octahedral shear strain. 
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STUDIES ON THE NONLINEAR VISCOELASTIC 

BEHAVIOR OF SOLID FROPELUNT 

R. A. Schapery 

May 1973 

I.,     INTRODUCTION AND SUMMARY 

The state-of-the-art of nonlinear viscoelaatic characterization of 

solid propellant existing Just prior to the start of this investigation 

was reviewed in [1].    Although some prooising models had been proposed, 

such as Farris1 representation of microstructural damage [2], little ex- 

perimental verification existed for propellant with vacuole dilatation. 

The present study was undertaken in cooperation with Aerojet Solid Propul- 

sion Company in order to develop mathematical models for characterizing 

solid propellant under realistic states of strain.     Emphasis of the 

study at Texas A&M University was on the development of simple consti- 

tutive equations for propellant having very large amounts of vacuole 

dilatation and on the application of vlscoelastic fracture mechanics 

to constitutive theory. 

In Section II,  constitutive equations based on thermodynamic princi- 

ples are examined for elastic and vlscoelastic media with microstructural 

damage.    These equations provide the framework for establishing some 

special cases which apply to solid propellant.    The role of fracture 

A-1 
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mechanics in constitutive theory is brought out using the theory developed 

in 13]. 

The experimental investigations described in Section III cover uni- 

axial, strip biaxial,  and poker chip tests.    Dilatation was measured in 

all three modts; a dilatometer was ueed for the former two tests and 

changes in circumference were monitored to obtain dilatation in the poker 

chip test  [A].     The strip biaxial and uniaxial data were found to support 

the proposed constitutive model.    Poker chip teat results turned out to 

be of rather limited quantitative use, especially with compressive load- 

ing,  because of the strong nonllnearlties exhibited by the propellent. 
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II.  THEORETICAL INVESTIGATIONS 

Three-dimensional constitutive equations for nonlinear media with 

microstructural damage are developed in this section. Results from 

thermodynamic theory are used to establish the general form of the 

equations, while possible measures of damage are examined in the light 

of viscoelastlc fracture mechanics theory. As a means of clearly bring- 

ing out certain physical aspects of the problem we first derive equa- 

tions for damaged elastic media. Viscoelastlc equations are then de- 

veloped.  In order to provide a sufficiently general theory for incor- 

porating physical models of microstructural damage and to be able to 

examine the relative merits of different specific representations, we 

examine both the case in which stresses are expressed as functions of 

strains and in which strains are functions of stresses. 

For simplicity of notation, Infinitesimal strain theory ±n  used In 

the theoretical development of constitutive equations. However, at the 

end of Section II we show how the results can be immediately extended 

to finite strain theory by simply making a change in the notation. 

A.  Constitutive Equations for Elaot  Media wit*1 Microstructural Damage 

Introductory comments;  Consider first a nonlinear elastic body with 

an arbitrary distribution of cracks with fixed length. Derivation of 

the overall stress-strain equations can be accomplished by following the 

some steps used for uncracked bodies. Specifically, by combining the 

First and Second Laws of Thermodynamics, with strains and temperature 

being the independent state variables, there results for isothermal 

processes [ 5 ]: 

A-3 
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3F 
 e 

ij 
(1) 

where F    is the Helmholtz  free energy/initial volume  ("strain energy"). 

T.t  is a function of  the strains,   e. .,   temperature, T,  and a set of 

parameters  (&.,  say) which are needed  to define  the geometry  (size, 

shape,  orientation,  location)  of all cracks.    The inverse strain-streiB 

equation for Isothermal processes  Hkewiso can be derived from thermo- 

dynamics by taking stresses and temperature as the independent variables 

[ 5]: 

8F 

Ij       3a. 
(2) 

ij 

where-F Is the Glbbs fr^e energy per unit initial volume ("complemen- 

tary strain energy"). The energy F is, in general, a function of the 

stresses, a..,  temperature, T,  and  the crack parameters  &.. 

Berry [ 6 ] has used the one-dimensional form of Eq. (2) to derive 

the overall Young's modulus, E , of a large linear elastic sheet under 

uniformly appl.'ed  tensile  stress,   a    , and with one crack perpendicular 
11 

to  the external load.     He  obtained: 

11 
Us 
3a 

11 
F1'-^ (3a) 

where E is the uncracked Young's modulus,   2a is the constant crack 

length, and A - sheet length x width.    Thus, 

'11 

11 
(i + -^r1 E (3b) 

If  there are N nonlnteracting cracks of length 2a_  Instead of one crack, 
N 

then a* in Eq.   (3b)  is simply replaced by      j    a(; [ 7 ];  viz. 
K-l    K 
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N 

E    - (1+il      X     .2)-!   E 
e A      Ki.1    K 

(3c) 

Equations  (1) -  (3) are obviously valla for moving cracks in an 

elastic body as long as the velocities are small enough for kinttic 

energy to be negligible.    With th^s case one must still perform the 

differentiation in Eqs.   (1) and   (2) with the parameters 3    (e.g.  a ) 

held constant. 

Predictions of timp-dependent crack lengths and more realistic 

overall properties will be taken up it. a later subsection.    For now we 

shall assume the instantaneous values of  ($„ aie known. 

Equations for Isotropie media with «trains as the independent 

variables;     Let us return to Eq.   (1)  and assume  that  it  is valid regard- 

less  of   the types of damage  (e.g.,  submicroscoplc polymer  chain failure, 

binder cracks, and dewetting) which are characterized by the parameters 

ßK.    For notational olmpllcity    explicit dependence of free energy on 

T and 3,, will not be shown;  but  this dependence is to be assumed unless 

stated otherwise.    Also,  as noted previously,   the partial derivatives 

with respect to strain are  taken while holding damage  (viz.   ß )   constant. 

Furthermore, we will assume  that  the body, will, ur without damage,   is 

statistically homogeneous and  Isotropie.     (The body  is defined  to be 

statistically Isotropie if,  after  the external  loads are remjved,   there 

are no preferred directions;  the response to a new pet of loads will be 

independent of the material's orientation.    If,  for example,  all of  the 

cracks in a body are parallel,   it is not statistically Isotropie;   if, 

however,   cracks and other flaws  are sufficiently random in their orien- 

tation isotropy can be assumed.) 

: 
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Under the above assumptions, the free energy will depend on strain 

at moat through any three independent invariants of the strain tensor. 

If, for eumple, we use the three invariants 

I -
3 

(4) 

where repeated indicew imply sUDIII&tion over the range 1, 2, 3, then Eqs. 

(1) and (4), together with the use of the chain rule and tha aeaamption 

P e • P e (I 
1

, I 
2

, I 
3
), yield (where ~ ij is the J(ronecker delta) , 

(5) 

The damage parameters eK' which are implicitly included in P e' may 

depend on the history of the invariants (and their curr t values), but 

not directly on the individual components of the strain tensor. 

For physical reasons, it is often desirable to use instead the 

invariant I and the two strain-deviator invariantea 
1 

where eij are the deviatorie strains, 

1 
e ij = £ ij - 3 ° ij I 1 

By substituting Eq. (7) into (6) we find 

i • I - 1 I 2 
2 2 3 1 

I • I - I I + £ I3 
3 3 1 2 9 1 
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Equation (5) can be transformed to th» devlator strains by using 

definition (7) and by applying the chain rule to the derivatives In (5); 

with F - F (I , I , I ) we find 
e   • 1  2  3 

3F 8F        3F 
a    " n a 

8lj    ,-: S 61J    ,-  eiJ + 3 a; 
elm emj 

and 

3 
ai 31 

3 

(9) 

3F 
 € 

31 
(10) 

where s  are the dcvlatorlc stresses. 

81J H 01J " 3 6lje 

and 6 Is the dllatatlonal stress, 

950xl 

(11) 

(12) 

Note that when we set 1 - J  In Eq.   (9)  and sum the three equations 

(J  ■ 1,   2,  3),   the resulting equation Is Identically zero.    There- 

fore,   Eq.   (9) defines five, rather   than six,  Independent equations. 

These five equations,  together with the dllatatlonal Eq.   (10),  form a 

set which Is equivalent to the set  of six equations defined by Eq.   (5). 

However,   they are now separated Into relations which express distortion, 

Eq.   (9),  and dilatation, Eq.   (10). 

For many metals and polymers  (with or without filler particles),  It 

Is often possible to neöxect the dependence of mechanical properties on 

I    [ 8 ];   thir. aimpliflcarlon will be used in all of the following dis- 

quasion as present indications are that it is valid for solid propellent, 

Thus,   from Eq.   (9) with F    - F  (I   ,   I  ): 
e e      i 2 
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•ij 
2—^6 

31, 1J 
(13) 

while Che form of dllatational £q, (10) Is unchanged. 

An Important point Is that If dependence on Ij Is not neglected, 

the devlatorlc stresses In Eq. (4) are linear with respect to the square 

of the strain tensor, i.e. e  e ..  This dependence Implies the devlatorlc 
xUi     luj 

stress  tensor Is definitely not a homogeneous function to degree one.    On 

the other hand, without  i3,   Eq.   (13)   shows  that It Is at  least possible 

(but not necessary)  to select F    such that  th a stress tencor satisfies 

this homogeneity condition. 

An elastic free energy function for propellant:    In this subsection 

we shall propose a specific free energy function which will be shown to 

predict actual nonlinear behavior of dewetted propellant.    Specifically, 

we assume 

where 

;   K^dij + z    G2d\*^2 
o o 

33AT 

(14a) 

(14b) T "    i 

and the term 3aAT is the volumetric  thermal expansion due to temperature 

change AT.     Also, 

Ki-w G2  "   W 

N    - N (IT) N    - N   (I. ) 
2 2      2 

are four nonlinear materla:1  property functions, each of which depends on 

only one Invariant. 

Substitute Eq,   (14)   into  (10)   and   (13);   thus 
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dN 
(15a) 

•ij 

dN 
2(<!

2
+ Nl ^  elJ 

(15b) 

In the linear range of behavior,  these aquations must reduce to 

3 e T 

'ij 
G e,. 

(16a) 

(16b) 

where K and G are the linear elastic bulk and snear moduli, respec- e     e >   «• 

tlvely.  Hence, K.    and G can be Interpreted as the nonlinear generali- 

zations of K and G , while N and N produce coupling between dilata- 

tlonal and shear phenomena. The product N N must be selected such that, 

at small strains, it is at least of third order in the strains in order 

that the proper linear limiting case, Eq. (16),is obtained. 

Let us no»' go one step further and assume 

e 

K 1 

G„ 

(17) 
e T 

and 

N - 0 
2 

for 

N, -a(^T-b)  for 

I2 < V 

h>-*2 
(18) 

vThere    a    and    b    are non-negative quantities.      Substitution of Eqs. 

(17)  and  (18)   Into  (15)  yields,  for i2  >_b2: 

|- Ke[IT -a(^7- b)] (19a) 

*If b - 0,  then the free energy function will be positive definite 
if and only if 

a < ^2Ge/Y.e 
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2 

(19b) 

while the linear relations  (16)  apply for I    < b2. 

It is of interest to examine Eq. (19) in some detail as these rela- 

tions turn out to agree with a large amount of propellant data. First, 

observe that if G , K , and a depend at most on constant damage para- 

meters &„ and/or are homogeneous to degree zero in the invariants 

(through &.) , then the deviatoric constitutive Eq. (19b) is homogeneous 

to degree one, and, in this regard, it agrees with Farris1 observations 

[9). However, the dilatational Eq. (19a) is not homogeneous to degree 

one unless   (i)   I     < b2 and K    depends  on &.  as  noted above or  (11) 

I    >> b2 and K    and    a    both depend on ß„ as  noted above. 2e K 

If  the dilatational stress 6 is either known or is negligible, 

Eq.   (19a)   enables dilatation to be easily predicted; viz.,  for 1    > b2: 

1=1-  3aAT T 1 3K-+a^-b> 
(20) 

The significance of this result in predicting dilatation in three 

common tests will be discussed  in Section II-D. 

Consider   the simple shear test  (e       t 0)   in which AT - 0 and the 
12 

propellant  is  constrained such that  all normal strains vanish, which 

implies  IT =  0.     Equation (19a)  yields,   for  i^-= /? ] e     ll b, 

| - -K    a(/2  |e    | - b) 
3 e     v       '   121 (21) 
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Also, Eq.   (19b)  yields o      >• a      - a     ,  and predicts that the effective 
11 22 33 

shear modulus Is G  .    Thus,  the shear strain produces compresslve normal 

stresses, which is consistent with experimental results  [10] •    Moreover, 

if the propellent is permitted to expand during shearing, Eq.   (19b)  pre- 

dicts that the effective shear modulus will be less than that for no 

dilatation;   this result, again.  Is consistent with propellant data [10J. 

Let us now return to Eq.   (19b)  and specialize it to uniaxlal loading. 

Assuming e      >> | I  ]      , we find 

where 

o      - 3 G    e      fi- ll en1 

aK 
0   H—e- 

11 

/6 G 

As long as 

0 
■ex1/en 

11 

(22) 

(23) 

(24) 

predicted stress   (22)  is the same as  that  reported by Farrls  [11], where 

ß « 2 - 3. 

We have assumed  the quantities K ,  G   ,   a,    aid    b   are constant   Insofar 

as the comparison with experimental data was  concerned.    The lnfluer.ee of 

damage parameters   ft. on these quantities will be discussed in Section XX-E. 

It should be pointed out that the relations in Eq. (15), instead of 

those in Eq. (19), may be needed to characterize propellant subjected to 

moderate and high pressures. Alternatively, use of the method described 

in Section II-F  together with Eq.   (19)  may prove to be better. 
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Equations for Isotropie media with stresses aa the Independent 

variables; Constitutive equations corresponding to the Isotropie 

version of Eq. (2) are completely analogout, to those given in 

terms of strains. We introduce the dilatational stress Invariant 

92 all 

and the two deviatoric stress Invariants 

J2   "   81J   81J 

(25a) 

(2i)b) 

ij     Jm    mi 

The deviatoric strains are found  to be 

'ij 

3F 

3J., 

3F 8F 
J2  6^  + 2 

S „8   s.. + 3 —z- a.    s  . 

2 3 

and the dilatational strain I  is 
1 

3F 

36 

(25c) 

(26) 

(27) 

If  F    is  independent of  the  third stress  invariant Jr,  then Eq.   (26) 
S 3 

becomes simply 

'ij 

3F 

3J 'ij 
(28) 

B.     Constitutive Equations for Viscoelastic Media with Microstruc- 

tural Damage 

Equations  for Isotropie media with strains as  the independent 

variables:    The above considerations  can be generalized to include visco- 

elastic behavior by drawing upon the irreversible thermodyMBic theory in 

[12].     As before,  we will assume that  the dependence of material properties 

on I    can be neglected.    Furthermore,  the. strain measures q1>.».»q6.  in  [12] 
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will be assumed as followe: 

S-^Si 
q - <ji + e 
2        22 

+ e 
33 

q - e 
i»    12 

q - e 
5   23 

q " e 
6   13 

(29) 

where 41 • 4>(I   ,   I  )  is    a   material property which la assumed to vanish 

In the absence of vacuole dilatation;  at small strains,  this function 

must be at least  of second order in the strains  in order for the measures 

of strain to reduce to the strains in the linear range of behavior.    The 

significance of   (|> will be seen by examining  the  resulting constitutive 

equations. 

The use of  Eq.   (29)  In the  theory in  [12]   yields,  after much re- 

arrangement , 

3F 
i i+a    ^L     / AKdli - *') 4ä dr 3    aiT     F ai    J

Q     
K     v' d-: (30a) 

äl    I 

where 

"ij 

3F 
0  e 2 —r- e 

'dl ij 

t de 
+ 2 a^,    /    AG(* -  ij/')  -~J- dt 

+  2  ay-^.    e^  /    AK(* -  if.') |ä dT 

3I2 

q(IT,   I   )   =   3*  +  I, 

(30b) 

(31) 

is the nonlinear  dilatai-lonal strain measure which may be a function of 

both  L,  and   I   .     Also,   AG  and AK  in these  relations  are  the LVE  transient 
r 2 

components of the shear and bulk relaxation moduli, respectively.  In 

general, there may be four different nonlinear material property functions 

A-13 
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In Eq.   (30);  via.,  F   ,  a   ,  q  (or <|i),  and a   , where a    appears in the 
er c E 

definition of reduced time iji, 

t 
ij» - *(t)   =    /    dt/ae     •  *'   =  ^(T)     ;   ae  - ae(IT,  1^ T)       (32) 

c 

The term In Eq.   (30b)  involving AK gives rise to dependence of 

deviatoric stress on volume-change history,  even when the deviatoric 

strain is constant. 

Thase same equations could have b«en derived more directly from the 

underlying thermodynamic theory, Eq.   (19)  In [12], without making use of 

the constitutive equations in [12]  in terms of  strains E      and stresses 

o    .    This alternative approach would consist of  assuming that 

q    - e     ,...   .q    " e (33a) 
1H 6 13 

and 

q     =  q  -  q(I   ,   I   ) (33b) 
7 i        2 

where all seven q. are treated as independent state variables. The 

virtual work ÖW, which is used to derive the constitutive equations, 

is written in the form, 

6W » s±i6e±i + i 66IT + XS^  - ^  C^Sq^ (34) 

It is to be noted that Sj^e  = e , = 0, and therefore out of the six 

e.., only five are actually Independent; however, all six can be treated 

as Independent quantities in the virtual work condition (34) as long as 

the term X6e . is added to the equation (where X Is a Lagrange multi- 

plier). 

The rain point we want to make here is that constitutive equations 
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(30)  can be viewed as being baaed on the assumption that the thermodynamlc 

measures of devlatorlc strain, q q  , are equal to the devlatorlc 
1 6 

strains themselves, while the thermodynamlc measure of dilatation, q  ,  is 
7 

a function of the actual dilatation, !„, and the devlatorlc strains 

(through I ). 
2 

The present constitutive theory (30) can be simplified even further 

by assuming that «rtien all strains are constant in time (generalized 

relaxation test)  the form of the constitutive nonllnearlty Is independent 

of  time. 

For constant strains applied at t - 0,  and using the relations 

where 

AKW  = KW - K 

AGW  = GW - u 

Ke H K'«)   and Ge = G(") 

(35a) 

(35b) 

we find that Eq.   (30)  reduces to 

2    3IT    «' (36a) 

8F 

hi " [2 7f " 2aFGe -*V^K*]  elJ + ^^\i 

+ aF 

2 

8Q
2 

(36b) 

KWe 
31 U 

The nonlinear form of Eq. '36) at short times, IJJ ~ 0, will be different 

from that long time, IJJ + o», unless the sums in square brackets vanish; 

viz., 
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3IT  2 3IT "e 
(37) 

-f -  2aFGe + a, ^_ Ke 
31 r 31  e 

(38) 

Define a new function g, 

G 

•e ' 2. 
g = q 2 J_ i  e ~ 2 + 2 r ! (39) 

and then combine Eqs. (37) and (38) to obtain a single equation for g: 

(40) 
3IT 31   31 "T 

2     2 

This equation Is solved by a standard method   [13]   to yield g - g(F  ). 

Namely,    g    Is an  (almost)   ■> bltrary function of the single quantity, F ; 

In the linear range of behavior    q    must reduce to I  , which Implies 

g    must be such that 

a ■ —   F 8     K      e e 
when IF I « i (41) 

which Is the coly restriction on the function g (F ). From Eq. (39), 

g(F ) -2 rr-  I 
K  2 e z 

and from Eq. (37), 

(42a) 

aF-- 
Ke/dg/dFe) 

and Eq. (36) for constant strains becomes 

6      aFe KW 
3-3IT    Ke 

(42b) 

(43a) 
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a» 
.      -2^tG(*) -G   HiJkl+ !---£ Mil]   e (43b) 

and Eq.   (30)  for transient strains becomes 

1.^1*. ; «*-*'>%* (44a) 

t de 
J      - 2aF[/    G(^ - *') -£*- dx 

o 

+ ^- e.,     /    HH - *') r& dx] 
31      «     o 

2 
dt 

(44b) 

where,  In Eqs.   (43)  and  (44), &_ and    q    are to be expressed In terms of 

the auxiliary function    g, which,  In turn.  Is an arbitrary function of 

F    (except for condition (41)). 

Thus,  the constitutive equations now contain three Independent material 

property functions:    F  , g,  and a  ,  each of which may depend on a set of 

damage parameters,  &.. 

As one further simplification,  assume 

K(^)  - A'GW (45) 

where A'  is a constant;  this behavior was reported in [4 ]   for propellent, 

as determined from poker-chip tests.    Relaxation relations  (43) become 

i      3Fe GW 
3'3IX    Ge 

(46a) 

2ÜeGM 
^        n     Ge     ^ 

(46b) 

When Eq. (44) is specialized to a uniaxlal relaxation test, and 
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condition (45)  la used, we find that the dilatation Is Independent of 

time;   this behavior for one propellant was reported by Farrls  [14]. 

However,  for the PBAN propellant studied on this program,  as well as 

for an 82 wt% CTPB propellant studied at the Naval Ordnance Station [15], 

aome change In volume occurred during relaxation.    Equation  (44)   Is 

sufficiently general to predict such behavior, as long as condltlin (45) 

if, not Invoked. 

Finally, attention Is called to the fact that Eq.   (44)  Is capable 

of predicting a history-dependent pressure build-up due to shear strain- 

ing,  even when !„ - 0.     This behavior is a result of   the dependence of 

q    on I   . 
2 

Equations for Isotropie media with stresses as the Independent 

variables; From the theo - in [16] we deduce a set of constitutive 

equations which are similar to tnose in Eq. (30); viz. 

*,  3Fa  1 30  ' d(Q/ar) 
36 9 39 dT 

dx 

-ij 

3Fo      ,  t d(s^/V 

3J2  
l:l   Z  o 

dx 

(47a) 

d(Q/ar) 
+ 2^-s   / AB(^-^) dT ^ dx 

3J2 
iJ  o 

(47b) 

where F , Q, and a. are material  functions of the Invariants 9 and 

J,.  Also AC and AJ are the transient components of the linear vlscoelastic 

creep compliances In bulk and simple shear, respectively.  Special forms 

of Eq. (47) analogous to those in Eq. (44) can be dedu'-ed; but, we shall 
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not pursue these cases here. 

C. On Constitutive Equations which are Homogeneous to Degree One 

This subsection Is concerned with the following questions:  (1) 

given constitutive equations In which the stress tensor 9  is expressed 

as a homogeneous functional to degree one In the strain tensor e. ., and 

asaumlng unique Inverse relations exist (I.e., strain tensor Is a unique 

functional of the stress tensor) are they homogeneous to degree one? ; 

and (2) under what conditions do Inverse relations exist? 

We shall prove first that the answer to question (1) Is "yes" and 

then state a general criterion as the answer to question (2). 

Write the given functional constitutive equations as 

alj - «IJ^ 
(48) 

where 

«IJ^l5 ■a8lj^kl) (49) 

with a - constant scalar. Ne assume unique Inverse relations exist, I.e., 

^u-W (50) 

By definition of f ., 

aij - «ij^V1 (51) 

It will now be proved that f  Is homogeneous to degree one In the 

stresses; viz. 

£ij(cV " cfij(au) (52) 

where c - constant scalar. Write Eq. (51) for stresses a 

"ii'  -hi^xKn" 
iJ 

(53a) 
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where 

,JiJ   "  CÜ1J 
(53b) 

Sub; cltute   (53b)   into   (53a), 

üiJ   '  c8lJ[fkl(cV>] (54) 

Upon using   (A9) , with    a - 1/c, we find 

0iJ  "giJ[Ifkl(c0mn)] (55) 

In view of equations (51) and (55), and the uniqueness assumption 

(i.e., for a given stress tensor, there exists only one strain tensor), 

we observe, 

- f, .(co ) - f, .(a ) 
c kl  mn    kl mn 

(56a) 

or 

f. ,(00 ) - cf. , (o ) 
kl'' mn'    kl  mn 

(56b) 

which, according to equation (52), completes the proof. 

Now, consider the question (2).  If the quantities g ., Eq. (48), 

ere  algebraic we can use the well-known result from the theory of coordi- 

nate transformations that the Inverse relations exist and are unique if [5]: 

1. The six functions g  are single-valued, continuous, and 
possess continuous   first partial derivatives throughout 
the body of interest. 

11.  The Jacoblan determinant, 

J = |3g. /Se.J , does not vanish at any point in the body. 

A simple example for which a unique inverse does not exist Is the 

one-dimensional uniaxial case for which a ■■ o(e) has a maximum point at 
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e - c  ,  say;  for all strains e > e  , a unique single-valued relation 

e ■ e(o)  docs not exist. 

In the actual case of Interest,  g represents a set of six 

fu'.tlonals;   I.e.,  It depends on strain history.    However,  this set of 

functlonals can be reduced to algebraic functions, which can then be 

subjected to the above stated conditions for Invertablllty.    This re- 

duction Is easily accomplished  (In principle)  by approximating the strain 

histories by plecewlse linear or step functions of  time.     In this form 

the original  functlonals g   .  become algebraic functions of  the constants 

defining the approximate strain histories.     If,  for example, we consider 

all six strains and let each strain history be represented by ten con- 

stants,  there will be 60 x 60 terms in the Jacobian determinant. 

In view of the last comment,  a completely general study of inverta- 

blllty would be impractical.     However,  significant insight  Into the 

problem    could be gained by examining simple situations, such as the 

stress-strain equations defining the behavior of a bar under  confining 

pressure and uniaxial tension. 

D.     The Dilatatlonal Constitutive Equation 

Characterization of  the effect of vacuole formation and growth on 

the relation between dilatatlonal stress,   6,   and dilatatlonal strain, 

!_,   is an important and very difficult part of  the overall nonlinear 

viscoelastlc characterization problem.     In this section,  the so-called 

dilatatioaal constitutive equation is therefore slagled-out for special 

study.     Recall  that some forms of   this  equation for the elastic case, 
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e.g.  Eqs.   (10)   and  (19(0, and the viscoelastlc case, e.g. Eqs.   (30a)  and 

(47a), have already been given. 

We first define the vacuole dilatation I    by the following equation: 

\'=li-3aAT - Ir ■ ^ - lr (57) 
e e 

•/here Ke - bulk modulus in the unstressed state; voids may exist in this 

state.  (Note that, in the linear elastic range of benavior 

Ij - 3aAT +^- (58) 
e 

and therefore I - 0.)  Also by definition, I is never negative. 

In general, I can be expressed as a function of the history of the 

three stress invariants and temperature or the three strain invariants 

and temperature.  We chose the latter four scalars here, a.id write 

Iv - F {IT  ,  I2  ,  I3  . T} (59) 

Now, substitute Eq. (57) for Iv and find 

^■IT + ^T •   h >   'h •   T}   • (60) 
e 

In order  to obtain a form which is useful for application to experi- 

mental data we solve Eq.   (60)  for mechanical dilatation: 

^ *G {3r •   ;-2 •   ~h >   T} (61) 
e 

where G {} Is a function of the history of its arguments. 

Let us now examine some special cases of Eq. (61). Assume first 

vacuole formation and growth depends only upon I-,, T, and the maximum 

shear strain c  (instead of I and I separately); the maximum shear 
S z       3 
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strain is given by 

(62) 

whexe Ej and e, are, by definition,  the algebraically largest and smal- 

lest priaclpal strains, respectively; note that  e    >_0.    Equation (61)  Becomes 

G {3K-   •   es   •   T} 

e 
(63) 

A special case of G, which turns out to fit the general form of 

Ferris'  uniaxial,  constant strain-rate data [11]   Is the plecewise linear 

algebraic function 

e 
3K 

IT + as(e8 e V 

:   e    < b s        s 

teL\ i (V V ^0 

(64) 

where a and b may be functions of 8, T, and e .  It is seen that 
S       S 8 

the material is idealized such that vacuoles do not form until the maxi- 

mum shear strain, e8, reaches b8; thus, large positive values of 9 are precluded. 

Alternatively, we could, as in Section A, suppose that the constitu- 

tive function is Independent of I .  For easy reference we record here 

the special result derived earlier (see Eq. (20)): 

3K 
:  I < b2 

2 

(65) 

~-+ a(/f"- b)  :  I > b2 
JK-o     2 2 - 

Equations (63) and (64) will be called the maximum shear strain 
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theory (MSS) while Eq. (61), without dependence on I , and Eq. (65) will 

be called the octahedral ahear atrain theory (OSS) because this strain in- 

variant is proportional to /j . We now examine the implicatione of Eq. (6A) 

for the uniaxlal, strip-biaxial, and double-lap simple shear tests. 

Uniaxial test (MSS); For this test, with or without a confining 

pressure, the principal strains e , e , and e are 

and 

e    2 e    - applied axial strain 
1        u 

e    " e 
2 3 

(66a) 

(66b) 

The  invariants    I,   and e    are 1 s 

^  '  Eu +  2e3 and  e8 "  (eu "  e3)/2- 

Substituting Eq.   (66)  into (64)  and solving for e   yields,  for 

es^V 

3aAT + I- _ a^ .   (1 -V   eu 
e 

p        m       —»i ... ■  ■   i - .-■■-        ,, — i 

3 (2 + as/2) 

Also    for    e    > b   ,   the dilatation becomes 
8   —      S* 

(67) 

(68) 

A          3i Ab 
3aAT +^- + 7-5- [e §■ 3K        4+a u      , es 3 

oAT 
9K (69) 

When    e    < b   ,  set a    - 0 to obtain the dilatation, s         s s 

Note  that  the last terra in Eq.   (69)   is  the vacuole dilatation; viz, 

3a 4b                    „ 
1   mrri [e  - — - aaT - IF-]                                     

(70) v      4+a l  u      3                       9K s e 
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which applies when the condition 

S" ~2— -bB 
(71a) 

la satisfied.    Upon substitution of e. , Eq.   (68),  Into Eq.   ^71a) we find 

4b . 
eul_+a&T+_ (71b) 

which Is simply the requirement that the vacuole dilatation be non-nega- 

tive. 

Strlp-blaxlal test (MSS); The strip Is assumed to be clamped In 

place at the reference temperature, for which AT » 0. Further, the grips 

are assumed to be so rigid that the strain In the length direction, 

e2. Is essentially zero for all loading conditions. The principal strains 

are, therefore 

e. =  eh " applied strain 

e2-o 

e3 •• thickness strain 

(72a) 

(72b) 

(72c) 

The Invariants are 

^ " eb + S 
S ' e3 

(73) 

The basic dilatatlonal Eq. (64) yields for e > b_! 
S "^     s 

3a*r + ^ -  a8bs - (1 - |a) eh 
e 

(1 + a8/2) 
(74) 

and 

'es e 
(75) 
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where the last term Is the vacuole dilatation: 

2a 

T+"r [eb " b8 e 
(76) 

which Is valid when    c    > b  ; I.e. 

s ^ bs+ faAT + IT (77) 

When Eq.   (77)   Is not satisfied, the vacuole dilatation Is given by Eq.   (76) 

with a   - 0. 

Simple shear  test   (MSS);    The specimen Is  assumed  to be clamped  In 

position at the reference temperature for which AT - 0.     It Is also 

assumed that the outer two plates are rigidly fastened together and the 

specimen Is thin with respect to the dimensions In the plane of shearing 

and Is long In the direction of shearing.    Under these assumptions,  the 

specimen Is in a state of simple shear In the plane of shearing.    The 

principal strains are 

Y/2 

e    =  thickness  strain 
2 

-Y/2 

(78a) 

(78b) 

(78c) 

where 

Y " applied  shear strain 

- shear displacement/specimen dimension normal to displacement. 

The Invariants I.   and e    became 
l s 

I    - e      and     e    " y/2 (79) 
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We find the thickness strain (for e ^b ) from Eq. (64): 

e - 3aAT +~-+  aaÄ- b ) 
2 JK      8 i    8 

(80) 

and, In terms of the maximum principal strain, e : 

Ii-3aAT+3r+a8(ei-b8) (31) 

where the vacuole dilatation Is now 

I    - a  (e    - b  ) v        av   i s 
(82) 

The condition e > b is the same as E > b : also, set a : 0 whenever 
s — s i — s s 

e < b . 
1     8 

Kepresentatlon of vacuole dilatation tn terms of  strains due to 

externally applied loads  (MSS):    If after clamping, but prior to loading 

in a test machine,  the specimens are subjected to a temperature change,  ^1, 

and pressurlzatlon, p •* -e/3,  the strains In this state ire: 

e    - aAT + -rrr- - aAT - —- (unlaxlal test) 
U 7N jK 

e e 
(83a) 

e^ - | aAT + |g- - | aAT - •^-      (biaxial   test) (83b) 

e - 0 
1 

(shear test) (83c) 

where, for the biaxial and shear tests, we have assumed v - -r, which 

implies the three principal stresses under external pressure, p, are all 

approximately equal to -p. 

If the specimens are now strained in the test machine, the principal 

strains e , e, , e , say, due to the externally applied load are equal 
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to the difference between e , and e, , and e and the respective Initial 

■trains (83): 

e     - e    - oAT + -rrr ue        u 3K 
(unlaxlal test) (84a) 

ebe - % " 
3      P 
2 aAT + 2Ke 

(biaxial test) (84b) 

(shear test) (84c) 

Now,   6 for  the unlaxlal test  Is 

6 - -3p + o r u 

and for the biaxial  test 

3a 
6 = -3p + 

(85a) 

(85b) 

where a   and a    are the stresses applied by the testing machine to the 

unlaxlal and strip-biaxial specimens, respectively. 

Upon substituting Eqs.   (84)  and (85)  into Eqs.   (70),   (76), and (82) 

we find 

3a                     . o 
 s r            4. _u, 
4+a ' "ue "  3    s 9K J 

P e 

2«, 
K'l;*'    [ebe 

s 

I    " a   tt    - b  ] v        s    se       s 

bs-4r^ 
e 

(unlaxlal test) 

(biaxial test) 

(shear test) 

(86a) 

(86b) 

(86c) 

Recall that K    Is the bulk modulus in the unstressed state.    Thus, e 

the terms a /9K and ob/4K are expected to be relatively small, and there- 

fore will be neglected in the remainder of Section D. Analogous terms will 

be neglected in the OSS theory. 
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We now turn to the application of Eq.   (65) to prediction u£ dilata- 

tion in the three tests.    Eßsentlally the same steps  aa in the MSS theory 

are followed in predicting vacuole dilatation rrum  Lhe 'JJ1J  Lheory; con- 

sequently, we shall omit the details of the derlvatioau.    The strains 

e    ,  c.    . and e      are defined in the same way In both theories, 
ue*    be' se ' 

Unlaxial test  (OSS):    The vacuole dilatation is  found to oe 

v      /6 +a      ue 
r b) (87) 

when £uei   flh' for smaller strains set a - 0. 
ue -    » 3 

Strip-biaxial test  (OSS);    The vacuole dilatation is not predicted 

to be plecewise linear for this test.    Instead,   .or e.     >_ b//2 it is 

defined by the quadratic equation. 

(- " I)  I,2. + 21  (4 + EKJ  I   + (b2 > 2^  2) - 0 

with the positive root being 

ab 

be'    v iGb( 

I    - v 2a2 

(1- ~ ) 

[-1-1,      +W2a2 + 2ac      +  (2      «2   !be 
b    be      f 3 b      oe        v        J      .2 

(88a) 

]   (88b) 

Simple shear teat   (OSS) :    A quadratic relation  is also found for the 

vacuole dilatation in the shear test: 

f— - -1) I2 + 2 -- i    + b'  - 2f     
2 - 0 va2 3'    v a    v se 

The positive root of this equation is 

ab 

2a2 

(1--^ ) 

[-1 + # 

T 
+ (2 - -^ a2) se 

b2 

(89a) 

(89b) 

Comparison of MSS and OSS theories;    Figures  1-3 illustrate vac- 

uole dilatation predicted by Eqs.   (86) and  (8/)-(89).    The quantity a 

A-29 

ttma —MMMBMMtt—MiaiM—1 ' liilBBM 



■ill» ■«in ii  im i Hü wjmi WWUprap iPimiPiiJwpPHiimpwmwii.ww.,^ 

aueD 

STRIP-BIAXIAL AND SHEAR 

UNIAXIAL 
(MSS & OSS) 

Figure 1.    Comparison of Octahedral and Maximum Shear Strain 

Theories for a   « 1. 
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4 - 

aueD 

1 - 

SHEAR 
(MSS) 

UNIAXIAL 
(MSS & OSS) 

STRIP-BIAXIAL 
(MSS) 

STRIP-BIAXIAL 
(OSS) 

Figure 2.   Comparison of Octahedral and Maximum Shear Strain 

Theories for a   = 0.5. 
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aueD 

2- 

SHEAR 
(OSS) 

UNIAXIAL 
(KSS & OSS) 

STRIP-BIAXIAL 
(OSS) 

Figure 3.    Comparison of Octahedral and Maximum Shear 

Strain Theories for a^ = 1- 
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la  Che  slope of  the dilatation vs.   strain line In unlaxlal   tension;   also, 

c    Is  the value of unlaxlal strain at which the dllatatiun   line Inter- 

sects  the strain axis.    The same values of  a    and c,, vej'? used  In both 
u    Ü 

theories so that the same vacuole dilatation would be predicted for the 

unlaxlal test. With the normalized variables used In Figs. 1-3, the 

graphs are Independent of e_ and the predictions In Fig. 1 are Indepen- 

dent of a as well; tin range 0 < a <_ 1 In these figures brackets the 

range of values a observed for solid propellant under constant strain 

rate. 

It Is seen that, for given a and e_, the following Inequality Is 

true for each theory: 

I  (unlaxlal) < Iv (biaxial) <_ I  (shear) (90) 

Moreover, except for the shear prediction In Fig. 3, the MSS theory pre- 

dicts a greater dilatation than the OSS theory in each test.  These ob- 

servations provide a basis for evaluating the relative accuracy of each 

theory from experimental data.  Note that, according to these figures, 

use of shear and unlaxlal data is better for this purpose than biaxial 

and unlaxlal data when a Is close to unity. 

E.  Mlcrostructural Damage Theory 

In this section the damage parameters und their effect on constitutive 

equations are examined in the context of viscoelastic fracture mechanics 

theory.  First, however, we shall consider their role in the special dila- 

tational constitutive equations (64) and (65), and in the shear equation 

(19b) with respect to vacuole dilatation. 

A-33 

Jit 
in i Imi 

■ —" -i.ir MMl 



Vacuole dilatation:    According  to Farrls' mlcrostructural model  for 

vacuole dilatation [H],   the volume fraction of solids about which vacuoles 

exist  Is  proportional to  the slope of  the vacuole dilatation vs.   uniaxial 

strain curve;  experimental studies showed that this constant of proportion- 

ality is approximately unity  [11].     Thus,   the increase of dilatation with 

strain when dl  /de    » constant  is  attributed to expansion of  the  cavities 

around the particles.    With this model as motivation,  let us now suppose 

for   the sake  of argument  that  (1)   the relative change in damage parameters 

ß^  is  small when dl  /de     is  constant  and   (11)   this change per  cycle remains 

small in subsequent unloading and  loading cycles.    We are assuming,   In 

effect,   that  the major change in  0     occurs during the first  loading as  the 

invariant  I     (or c )   is  increased  from zero  to its value when dl   /de 
2 8' v       u 

first becomes constant, and that there is little.  If any,  rehealing when 

the speciment is unloaded. 

In Farrls' model  [11]  and in the model proposed above it Is not 

actually necessary to assume the mlcrostructural damage Is  entirely in 

the form of  dewetting.    The case in which many (or all) particles have a 

skin of binder adhering to them is not precluded and, as a result,  the 

term vacuole dilatation,   rather  then dewetting,  is used in this  report. 

Referring now to the simple  constitutive relations Eq.   (19)  we see 

that  if  the above two suppositions are valid then the parameters K    and 

G    are the bulk modulus and shear modulus,  respectively,  in the range 

1    <  b2,   after the sample has undergone strains for which I.  > b2.     Some 

change in  these parameters from cycle-to-cycle can be expected  as addition- 

al damage  occurs with each cycle.     The bulk modulus K    will be  less  than 

that for  the undamaged propellant since the specimen, after being unloaded, 
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will have  a  larger void volume fraction Chan existing in the undamaged 

propellant;   this point la supported by  the experimental data  In Ser- 

tion III. 

The above model can be easily  Incorporated  into vlscoelaatic  con- 

stitutive equations.    For example,   referring  to £q.   (44),   in which all 

three material property functions depend on the elastic free energy  F  , 

we would simply use for F    the special  form in Eq.   (14)   together w^th 

Eqs.   (17)   and  (18). 

Mlcrocrack initiation and growth:     The state of  the propellant  at 

strains for which dl /de    is constant  is  the end result of an extensive v      u 

amount of micro-flaw growth which occurs within the binder and/or be- 

tween binder and filler particles.     In  this subsection we model the 

initial flaws as cracks and examine the  implications of viscoelastic 

fracture mechanics theory in predicting  the dependence of damage para- 

meters on applied loading history.     Thus,  while the preceding subsection 

dealt with  the final stage of damage,   this subsection is  concerned with 

the initial stage.    Through a combination of  the two models a constitutive 

theory applicable to all strains  Is proposed. 

In the following theoretical development we assume,  for simplicity, 

that  the viscoelastic body is subjected  to external uniaxlal tensile 

stress,   a - a(t),  and that  the cracks propagate  In only  the so-called open- 

ing mode.     Proposed generalizations  to  an arbitrary state of  ".pplied stress 

and to other crack propagation modes are given at the end of  this  sub- 

section. 

We suppose  that there exists an initial distribution of cracks within 

the binder and possibly between binder  and filler;  the size of  each crack 
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Is assumed  to be defined by a single parameter,  2a ,  representing  the 

length or diameter of  the crack.    As  the  loading on the body Is In- 

creased  from zero a given crack will start  to grow when the stress  In- 

tensity  factor* at the tip,  N   ,  exceeds  a certain critical value,  N     . ' o or 

This value Is  Identical to that for  an elastic continuum whose Young's 

modulus,  E,  and Polsson's ratio,   s),  are  equal to the long-time  (rubbery) 

values  E    and v    respective?/,   for  the actual vlscoelastic material  [3 ]; 

thus 

N     . ^ E  (91a) 

where F is the fracture energy.  If the stress intensity factor equals or 

exceeds the value based on Initial (glassy) modulus E and Polsson's ratio 

o% 

f      TE 

T HI-  vg
2) 

(91b) 

;nen the crack velocity is predicted to be very high,  and is limited only 

w wave action.    We shall say the material surrounding a given crack is 

tailed"  if N    > N    ;   the  time at which N      is first reached will be o -   og' og 

uixea  the failure time. 

rhe fracture theory in  [ 3 ]  can be used to predict time-dependent 

"The stress intensity factor is defined In the singular stress dis- 
noution near   the crack  tip. 

y      o 

is the stress normal to the crack plane and x is the distance ahead 
trie       tip. 
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crack size when N      < N    < N      and failure  time for each   ;t.ick in a or        o        og 

propellanc specimen under the following assumptions:     (i)   the rubber 

binder is linearly viscoelastic;  (11)   the Poisson's ratio of the binder 

is constant  (we shall assume v - 1/2);   (ill)  all filler particles are 

rigid relative  to the binder;  and  (iv)   the propellent specimen is  linear- 

ly viscoelastic with crack sizes fixed,   and is under a spacewisc uniform 

temperature. 

Now the crack velocity,  &, when N       < N     < N      is governed by the ■"     ' or o        og 

equation  [ 3 ] 

D(ta) 4r 
3irN02 

with 

and 

t    - a/3a a 

O   -    TT^    2/0    2I    2 

o      m     1 

(92a) 

(92b) 

(92c) 

where existing information on rubber indicates that the fracture energy  p 

and  the stress distribution in the failure zone behind the  tip,   a    1   , r      m     i 

are constant.     The quantity D(t )   is  the  creep compliance in uniaxial 
a 

tension expressed in terms of  the "effective time," t  ;  also,  a is  the 
a 

length of   the failure zone behind  the  tip. 

It  ia  further assumed that during most cf the time required 

for local failure,  the creep compliance  is given by the power law, 

D(t)  - D (t/a^,)" (93) 

where D    and n are constants.    Also,  from the time the body is first  loaded, 
1 

t > 0,   to the failure time for a given crack we assume the crack is isolated. 

*However,  at very short and long times, D(t) -*■ E      and D(t) -»• E     , 
respectively. 
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That Is,   the crack Is assumed to be ao small that the only geometric 

parameter affecting crack growth is its own Instantaneous size,  2a;  in 

support of  this point for cracks which are initially Isolated,  it is 

shown In [ 3 ]   that the crack size at 90 percent of the failure time is 

only 10n x  (2a );  e.g.,  if n - 0.3, most of  the time required for failure 

Is consumed while the crack doubles in size.    The stress Intensity factor 

for the i— isolated crack satisfying the assumptions (i) -  (iv)  listed 

just above Eq.   (92) can be written in the form  [ 3 ] 

(9A) N      - ^Tf,   a oi 1    i 

where 2a.   is  the size of the 1— crack and the coefficient f.  is a measure 

of  state of  stress existing in the binder in the neighborhood of the 1— 

crack relative to the applied stress;  f., which will be called a stress 

concentration factor,  is independent of material properties and depends 

only on the local particle geometry and spacing.    According to the theory 

in [3],  Eq.   (94)  is identical to the stress intensity factor in an elastic 

binder;  thus,   in principle, elastic analysis can be used to derive f.   if 

desired. 

We combine Eqs.   (92-4) and find the instantaneous size of the i— 

1/n 
crack at time t: 

1/n 1/n f*    / 
"oi 

3(l-n)  Di  ^(2^1) 

4nnr a 2n I,211 

m 1 

dt    (95a) 

where the curly bracket in the integrand will be a function of  time if 

chemical aging occurs and/or if there is rehealing (which are accounted for 

through time-dependent properties).    Also, 
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q   5 2(1^) (95b) 

The failure time of this crack la denotad by t.,  and lb obtained by  letting 

a + "•;   It can be written in the form of a linear cumulative damage rela- 

tion: 

o        cl 
(96a) 

.th where t  . would be the failure time for the 1— crack if  the specimen had 
cl 

been subjected to a tlmewise constant stress, a, (applied at t - 0) equal 

to the actual stress at the time t.and had constant material and fracture 

properties equal  to  those actually existing  at  the time t: 

tci- (A   n)(f1"q)(aoi    
n)(M    n)(a-cl)aT (96b) 

where A is a  constant and is  the group  of   terms  in curly brackets  in Eq.   (95a) 

at a preselected reference state,  and M is  the ratio of this group at time 

t to the reference value.    Without aging and rehealing M is unity; other- 

wise M - M(t),  and, although not essential, we assume M is the same func- 

tion for all cracks. 

We substitute Eq.   (96b)   into  (96a)   and solv- for the stress concentra- 

tion factor  required to produce failure at   time t,: 

Ba 
nq 

oi 

'Mq 

where 

B  H A nq 

and | |o| |M is a "weighted" Lebesque norm. 
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1 1 

H.sirM"oH5;t 
5    - i1 

l/'M^ldch (97c) 

In which  €  is   reduced  tine, 

5 3 /   IT (97d) 

Of course, without aging and reheallng we set M - 1 and obtain the Lebesque 

norm Itself In terms of reduced time.  Note also that, from Eq. (95b), 

1--1   -1  1 (97.) nq  2(iri-l)   2  q 

Thus, for all cracks In which f i f> failure of the surrounding 

material has occurred. Cracks with smaller concentration factors have not 

yet failed. When the time t is exceeded for a given crack, the growth 

will be very rapid until the tips are arrested at filler particles and/or 

the tips move into a region of low stress concentration. We shall assume 

that the Increase in the 1— crack size from the time t. to the time the 

crack is arrested, t ., say (or, at least, until its velocity reduces 

to a relatively small value) is much larger than 2a , and that the time 

difference t . - t.ls negligible compared to t..  Let us denote the crack 

size at time t . as 2a .: since a . >> a . and in view of the comments 
al     al       al    ol 

Immediately following Eq. (93) we conclude that the Influence of the 1— 

crack on overall mechanical response is felt approximately at the time 

t., and the magnitude of this Influence Is directly related to the total 

growth, 2a . - 2a . =< 2a ..  Interaction between cracks when t > tJ Is 6    *  al    ol    al    1  

allowed. 
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Let us now predict the Increment In specimen strain thai results 

when the 1— crack grows to length 2a . at the time L..  In view of 

the linearity assumption this Increment can be calculalcci by superposition. 

Specifically, consider the normal stress distribution that acts across 

an Imaginary surface, where this surface Is Identical to the fracture 

surface which Is later formed when the crack grows to length 2a  .  The 

Increment In specimen strain due to actual crack growth Is Identical to 

that resulting from a sudden superposition of a pressure distribution at 

time t., whose magnitude Is equal to the normal stress distribution 

existing across the Imaginary surface following failure. This pressure 

is proportional to applied stress a.  Linearity plus dimensional analysis 

yield the following strain Increment for a thermorheologically simple 

material if the applied stress is constant for t > t.: 

e1 - Si a D(C - ei) 

where 5 is defined in Eq. (97d) and 

^i1^ 

(98a) 

(98b) 

; 

Also, D(0 is the uniaxial creep compliance of thf propellant in terms of 

reduced time; it should be added that with rigid particles and linearity, 

dimensional analysis can be used to show that this creep compliance is 

proportional to the insltu compliance of the bindar.  The coefficient S. 

is a constant. 

Extension of Eq. (98) to a time varying stress following time t 

is readily accomplished by superposition as long as further change in 

crack length is small compared to 2a .. Specifically, introduce the 
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Heavlslde unit-step function, 

H(e - i^) = 
i.  5 > e4 

o,  e < t. 
(99) 

where t^ = ^(t.).  Then the strain Is 

5        dWa' -  5.)o] 
ei - s1; DU - s') ^i — de* 

o 

Since the Dirac delta function, 6, is given by 

d H(e - q) 

Eq.   (100)  can be written explicitly as 

■i% i£. £i " si0iD(5 - ^i5 + si/ D(£ - e,) IT"d5' 
ei 

(100) 

(101) 

(102) 

where a   = c(5i). 

We now turn to a statistical description of the microcracking problem, 

and thereby derive a constitutive equation by summing over the strains 

given by Eq. (102).  First, define g1 as 

B 
(103) 

The stress concentration factor f. and initial flaw size are random variables 

which. In turn, imply g. is a random variable.  Likewise, S. is a random 

variable. Dropping the subscript (1) we write the expression for the 

number of cracks, N , having g-values between g and g + dg, and S-values 

between S and S + dS in the form 
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Nc - n{S, g) d S d g (104) 

The dlatributlon funcuion n - n(S, g) can be calculated from a distribution 

function in terms of Che three random variables a . f. and S, which will be 

demonstrated later. Equation (104) will be used In the constitutive theory 

development. 

It is to be noted that g and failure time are directly related through 

a deterministic relation, which is obtained by combining Eqs. (97a) and (103), 

gaf) /  Mn aqd5 (105) 

'Mq 

where £,  is now used  as the generic variable representing reduced failure 

time. 

the strain due to all mlcrocracking,  e   ,  say,  at reduced time £, 

is obtained by multiplying Eq.   (100)  by   (104),  replacing 5    by ^f,  and 

Integrating over all possible S-factors  (- » < S < «•)  and all possible 

g-valuea corresponding to 0 £ ?f ^_ £.    There results,  finally, 

/    D(5  - £') fjT   U /    G(g)    lg 

where 

m  df 
o [     g- 

g'   =  SW) -If      Mn CTq dC 

de' (106) 

(107) 

and 6 " G(g)  is  the  following distribution function: 

00 

G = f    S n(S,  g) dS (108) 

In view of the linearity assumption,  the total axial strain,  e,  is 
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that due t" th« extenuilly applied stress acting on undanayed propellant, 

eu si   D(e - e') ffr dV (109) 
o 

plus the strain e ; viz,  from Eqs.   (106) and  (109), 

cf   D(e - 5') ~?  o[l + :      G(g) dg]     d?' (110) 
o dM      g- I 

where g' Is given by Eq. (107) in terms of a weighted Lebesque norm at time 

5'.  In view of Eq. (107), we see /  Is a non-decreasing function of time 
g' 

(without reheallng). 

A distribution function G(g) of particular Interest is the power law 

k g"r     . gig,, 
G - (111) 

I0      '      * * ** 

where a , G , and r are constants; this function will be used later. 

Before examining some special cases of Eq. (110) we shall derive the 

relation between a - n(S, g) in Eq. (104) and the dist-ibutlon function 

for stress concentration factor and initial crack size. The distribution 

function m - m(S, a , £) is defined by the condition that N, is the number 

of cracks having S-values between S and S + dS, a -values between a and " '    o o 

a + da , and f-values between f and f + df: 
o    o' 

N,0 - m(S, a , f) dS da df (112) 
ta       o       o 

The number of cracks N in Eq. (104) is equal to the Integral of N. over 

the area In the a - f plane bounded by the curves g - constant and 

g + dg ■ constant, where £ and a satisfy Eq. (103). After equating N 
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Co the area there results 

a(S,  g)  - B /    m(S.  ao.   Bgao    nq)  ao    nq 

o 
da (113) 

As an example, if m is a power law in f, 

m - nijCS, ao) f (114a) 

where a is a constant, we find that n(S, g) is given by a power law in g, 

,. 00  (l+ot) 
n(S.  g) -B1+aga/      m^S, ao)  ao    n<1 

o 
da    (114b) 

By substituting this result into Eq. (108) the function G(g) is found to 

be the power law in Eq. (Ill) with r •> -a and g ■ <«>. 

We now examine two rpecial cases of Eq. (110) In order to help bring 

out the physical significance of this constitutive equation. 

Elastic specimen;  It Is assumed that the creep compliance appearing 

in Eq. (110) is a constant, D, say; but the compliance in the fracture 

theory is still the power law, Eq. (93). These assumptions are not incon- 

sistent. This point follows from the fact that the effective time t in r a 

fracture Eq. (92) is typically several decades smaller Chan that governing 

the overall mechanical response of the bimiur [ 3]; thus, for example, 

crack growth may be controlled by viscoelas'.ic processes at the same time 

the binder response is essentially in its long-time elastic response range. 

Equation (110) reduces to 

e - Da{ 1 + / G(g) dg] 
g 

where 

g - g(o - IN 
-i 

Uq 
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Equation (115) shows that the microscopic damage la characterized by a 

single function of the weighted Lebeaque norm I H lM-i as in Eq. (110), 

This result is analogous to that obtained by Farrls [ 2]i but the role 

of stress and strain is reversed. 

The power law distribution Eq. (Ill) reduces this theory to 

-Dajl.^tdH^/-1^1-] I'M 

when r i* 1,  and 

e-Do    1 + G^UHI       gj 

(116a) 

(116b) 

-1 
when r - 1.    Solution (116)  is valid for only the range     I M ljia - ^ 

when    I loll.,    < g ~      failure has not occured and one must set G, - 0. 1'   ''Mq        m 

If a   - «•,  the Integral in Eq.   (115) converges only If r > 1;  for this 

case Eq.   (116a) shows that the strain will be approximately homogeneous 

to degree one in stress if r is close to • nity. 

Creep of a viscoelastic specimen;    We set o - a    H(0, where 

a    - constant, and use thn viscoelastic theory to predict creep compliance 

with microcracking, D    = e/o  .     For simplicity,  isothermal behavior  (a^, - 1) 

without rehealing and aging  (M = 1) is assumed and both power laws Eqs.   (93) 

and   (111) will be used with Zm " ». 

a    "(f) 
c 

From Eq.  (107), 

g'  - gU') 

where we have set £'  - t'.    Equation (110) yields 

r-1 

Dc = |- - D,  tn  [1 + -^ (a)1"1 tl    ] c      a 1 q c 
c 
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where the constant B la a Beta function, 

1 ri        -i (r-1) -1 
B 5    /     (1 - u)n  (u)*1 du (119) 

For propellent n a 0.2, which Implies q * 12, and therefore If    r    Is close 

to unity we see D    ~ t    and that D    Is nearly Independent of stress.    The 

value r - 1 Is not admissible since B - » for this case. 

Generalizations of the constitutive theory with mlcrocracklng;    The 

above constitutive theory, Eq.   (110),  Is a special case of the nonlinear 

theory,  Eq.   (47), based on thermodynamics.     Indeed, we may recover the 

present theory from Eq.   (47) by assuming: 

Q - 6 (120a) 

3F_ 

ae 

3F. 

aJL 

B(-) e/9ar 

J(-)/4ar 

(120b) 

(120c) 

(120d) 

where 

1 + /      G(g)  dg 
8' 

5' 
g' -   j  /   M11   | A^ + A^ d£p 

(120e) 

(120f) 

and A    (or A )  Is an arbitrary constant. However, A    (or A ) must satisfy 
1 2 ' 2 1 

the following relation In order that the three-dimensional theory reduce 

to unlaxlal Eq.   (110): 

•Vf (1 - A,) (120g) 
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Clearly, there Is a single damage parameter In this representation which 

reflects the extent of mlcrocracklng; It Is weighted Lebesque norm 

I |A 6 + A i^f |1M In Eq. (120f). Horeover, If A1 and A are positive, 

pressure (6 < 0) is seen to correctly suppress the amount of crack growth. 

It should also be recalled that M reflects the effect of aging and/or 

reheallng. This function Is unity In the absence of these effects, but 

otherwise Is given by 

2n 

(121) 
Dl rr (0m Il)r 
D,  T  ,  T \2n 

m i 

where subscript r denotes constant quantities corresponding to a pre- 

selected reference state; also, recall that Dj is the coefficient in creep 

compliance Eq. (93) and that r and (a I ) are fracture properties. 

The above theory was developed under the assumption that cracks propa- 

gate in the opening mode. However, the equations governing fracture in 

shearing modes are believed to be analogous to the opening mode case [3] 

and, therefore, we suggest that Eq. (120) may be valid regardless of the 

crack mode. However, further study is needed to confirm this point or 

else to determine if the more general theory, Eq. (47), is valid. 

It Is Important to recognize that the three-dimensional theory baaed 

on Eq. (47) along with Eq. (120) is identical to linear theory except 

stresses are multiplied by a scalar factor, l/a«. Hence, the inverse for- 

mulation in which the stress tensor is expressed as a functional of the 

strain tensor likewise will be identical to linear theory except a  is 

replaced by a.,/a . This latter formulation suffers from the fact that 

the Lebesque norm is expressed in terms of stress invariants rather than 

strain invariants; consequently, it generally will not be possible to 
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obtain an explicit representation for atresseg in temm c' btraina and 

strain invarianta. 

Let us now consider how the microcracking model cuu be combined 

with nonlinear constitutive equations to obtain a theory which is poten- 

tially applicable to a wide range of propellant behavior.  First, it 

should be recalled that Eq. (110) is based on the assumption that cracks 

are (approximately) arrested after rapid growth. As the applied stress 

is increased one can expect these previously arrested cracks to again 

propagate, thereby producing significant vacuole dilatation and eventually 

gross failure.  (It should be added that significant dilatation does 

not necessarily result: from the first growth stage when the binder is 

relatively soft; e.g., when a crack is cut into a sheet of rubber 

having high ultimate elongation, and the sheet is stretched in a direc- 

tion normal to the original crack plane, the crack may open so much that 

it again becomes a sharp crack witb its plane parallel to the loading 

direction [1]. The net change in dilatation for this process is essen- 

tially zero.)  If it can be assumed that the subsequent propagation 

obeys the previously developed model, we suggeuu that all damage may be 

characterized bv the same function a,,, Eq. ; 120e), except the distribution 

function G(g) will depend on strain or strt •> invariants. Moreover, in 

the high stress range it probably will be necessary to account for non- 

linear stress invariant-dependence in Q and in the derivatives of F 

appearing in Eq. (47).  Similarly, strain ionnulatlon Eq. (30) may apply 

in the high strain range after the stress tensor is replaced by o../a«. 
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The strain formulation, Eqs. (5) and (30), and special cases, e.g. 

Eqs. (19) and (44), are based on the assumption that, except for damage 

parameters, the nonlinearItles are defined by strain (rather than stress) 

Invariants.  In principle, one can retain the relatively simple forms of the 

special cases, but yet account for large superposed pressures. Referring to 

the thermodynamic theory in [17], it is easily shown that the Eqs. (5) and 

(30), and resulting special cases, may be applied to deformations superposed 

on the pressurized state. Namely, one interprets the stresses and strains, 

0 , and e.., as values which are added to the values existing in a reference 

pressure state. All material properties may then depend on this pressure as 

well as strain invariants.  In grain analysis,one could select as reference 

pressure that in the bore, and then account for Its time-dependence just as 

one does for a spacewlse uniform, transient temperature. 

G. Generalisation for Finite Strains 

In all preceding three-dimensional equations make the substitutions [12], 

elJ + Elj 

Po ij a.. + — T J 
lj  P 

(122) 

ii where the deviatoric components of E, . and i J are calculated by using the 

same definitions as for small strain theory and 

E.. • Lagranglan (covarlant) strain tensor 

T 
J - (contravarlant) stress tensor referred to convected 

coordinates and measured per unit area of the deformed 
body. 

p , P ■ density in the undeformed and deformed states, respec- 
tively. 
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III.  EXPERIMENTAL INVESTIGATIONS 

A. Test Equipment and Procedures 

Poker chip tests; These tests were made on ANB-3335-1 solid propel- 

lent samples furnished by Aerojet Solid Propulsion Company (ASPC). As 

received, the samples were A.5 by A.5 by 0.33 inches. The upper and lower 

surfaces had been machined to attain the 0.33 in. thickness. Therefore, 

before attempting to bond these samples to the plattens used for loading, 

all loose oxidizer particles on the surface of the samples had to be re- 

moved; two methods were tried. The first method was to spread Duco cement 

on the surface of the propellent sample and then press a gauze bandage down 

firmly onto the cement. After the Duco cement dried for eight hours at 

room temperature, the gauze along with the cement, and hopefully the loose 

oxidizer particles, were gently peeled back from the surface of the pro- 

pellant sample. This procedure was based on previous experience by others, 

in which it was found to lead to very good bonds. Two initial samples 

cleaned by the above technique and bonded to the steel plattens turned out 

to fail under low loads, with gross tearing occurring near the bond line 

where the material was extremely soft (probably due to the Acetone in Duco 

cement). 

The second method used to remove the loose oxidizer particles was to 

press down strips of three-inch wide surgical adhesive tape across the 

surface of the propellent and then peal back gently. All samples used in 

the mechanical property tests were prepared in this way. 

Steel plattens 0.25 in. thick and A.00 inches in diameter were sand 
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blasted by a medium grit In order to prepare them for bonding to the sample. 

The surfaces wer« then cleaned using Acetone. 

Uralane 8615 apoxy compound, a two-part epoxy mixed In approximately 

equal parts by weight and obtained from Furaue Plastics, Los Angeles, 

California, was used to bond the propellant samples to the platten».    This 

epoxy Is a black material which has a pot life of approximately twenty 

minutes once the two components are mixed and a complete curing time of 

about twenty-four hours.    The mixed epoxy was placed on both propellant 

surfaces and spread as thinly as possible to eliminate bubbles.    Two steel 

plattens were fixed In a lathe using centered pull rods which had been 

screwed Into each plate.    A poker chip specimen was completed and made 

ready for curing by placing the propellant coated with epoxy between the 

two plattens and then mechanically forcing the plattens against the samples. 

Since the samples would slide out If left alone,  several pieces of  tape 

were used to hold the sample centered on the plattens.    The bonded sample 

was allowed to cure for twenty-four hours in this position at room tempera- 

ture. 

The specimen was then turned In a lathe at a very slow speed and 

excess propellant was  trimmed off even with the steel plattens.    Completed 

poker chip specimens were stored in a dry refrigerator maintained at 740F 

and containing a deslcant to maintain low humidity. 

Just before a test, a teflon coated thermocouple girth wire was 

placed  around  the outside of  the specimen midway between the two plattens, 

as shown In Fig.   A.    One end of  the girth wire was stripped and two 

closely spaced dots of  solder were placed on this  end of  the wire;  by 
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Figure   4.     Poker-Chip  Siitciaicn  Showing 
Girth Win.-,   LVDT's,   and Micrometers. 

A-53 

L - —         ■ mi—»iin in ■ 



WlWBfl—M—M—»I I    in   ■rrr-m-wniMiiiiiw—IWIIIIW»IH.    _.  ,.,__      

Inserting a horaeshoe-shaped 1/4 In. Long x 36 gage wire holder In between 

these closely spaced solder dots and Into the propellant, the girth wire 

was secured at one end.  This wire extended from the tledown point completely 

around the circumference of the specimen and came off tangent to the tie- 

down point to then connect to a lever arm.  Horseshoe-ahaped portions of 

bare 36 gage wire were stuck into the propellant over the girth wire at 

Intervals of approximately 0.4 Inches, to hold It in position along the 

mid-plane between the two plattens. 

An aluminum plate approximately 1/4 in. thick by 6.5 1«. diameter 

was mounted on top of the upper platten and fastened securely with a nut 

on the pull rod.  This upper plate was designed to accommodate three ver- 

tical micrometers at 120 degree spacings. Another aluminum plate of the 

same size and an S-shaped bracket were mounted securely on the lower side 

of the lower platten by tightening the nut on the lower pull rod. This 

lower aluminum plate was designed to accommodate three linear variable 

differential transformers (LVDT's) aligned with shafts from the three 

vertical micrometers on the upper plate. These vertical micrometers had a 

total travel of 0.05 In. which allowed us to make very fine in-place cali- 

brations. 

For tension tests the upper pull rod was attached to a universal 

Joint which was In turn attached to a single lever arm loading frame, 

(see Fig. 5).  The lower pull rod was attached to a universal Joint which 

was in turn attached to a slip joint which engages only when the lever arm 

is loaded.  An LVDT was attached to the S-shaped bracket that extends from 

beneath the lower platten to be in line with the girth wire. The other end 
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f Figure 5. Poker-Chip Assembly used for 
Tensile tests. 
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of  the LVDT was attached to a Chavetz micrometer which had a total travel 

of 1.0 in.    A modified 4 - 4 1/2 in.  hose clamp was attached to the lower 

platten to support a small L-shaped lever arm.     The vertical arm of the 

lever was connected to the girth wire, while the horizontal arm was con- 

nected to a vertical wire extending to a slug within the LVDT mounted on 

the lower S-shaped bracket.     The horizontal girth motion was  thus trans- 

ferred into a vertical motion and magnified by approximately four.    With 

the Chavetz micrometer it was possible to attain an inplace calibration 

for the girth measurement.     To insure that there was no sticking associated 

with the girth wire or LVDT's,  a pulsing vibrator was attached to the frame 

of the test mechanism. 

The three vertical LVDT's spaced 120 degrees apart around the sample 

were used to measure plate separation and to determine if  there was bend- 

ing in the sample.     By averaging the three readings we obtained an overall 

average strain which,   together with the girth measurement,  enabled the 

determination of dilatation.     Signals from all four LVDT's were fed into 

an amplification system that allowed us to obtain high gain settings and 

to maintain a linear  output signal as a function of displacement for a 

given range. 

For testing, the system was loaded to provide 10, 20, 35, and 50 psi 

average axial stress to the poker chip specimen. Testing was performed at 

a temperature of 740F and at a relative humidity of between 34 and 40 per- 

cent. All tests were creep and recovery tests with cycles of five minutes 

creep, ten minutes recovery, and 15 minutes wait between cycles. There 

were one or  two one-minute Initial loadings at  each load  range before the 
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actual test to Insure that the data readings would remain on scale and that 

the readings were still linear.    Five to seven creep and recovery cycles 

were run for each load range, and only one load range was run per day.    Com- 

pression tests were  also run on poker chip specimens.    The only difference 

In the compression test assembly was that Instead  of having the upper and 

lower universal Joints attached to the upper anc1  lower pull rods, respectively, 

heavy steel frames replaced the pull rods; one frame was used  to attach the 

lower platten to the upper universal Joint, and another frame connected the 

upper platten to the  lower universal Joint. 

Strip-biaxial teats;    Tests were performed on ANB-3066 and AKB-3335-1 

solid propellent obtained from Aerojet Solid Propulsion Company.    The 

biaxial dllatometer used for these tests was obtained from Hill Air Force 

Base on a loan basis  and as received was in unworkable condition as originally 

manufactured by the CETEC Corporation.    The unit was completely dissassembled, 

and after extensive modification   was put into working condition.    The dlla- 

tometer, shown in Fig.  6, was designed to measure dilatation by two differ- 

ent methods.    The first method relied upon direct LVDT measurements of decraase 

in cross-sectional thickness.    The LVDT system consisted, of spring loaded 

probes that slide on the surface of the specimen's sides.    Unfortunately 

the probes were not only Insensitive to the small thickness changes but also 

damaged the surface of the propellant at the point of contact.    As a result 

the LVDT probes were removed entirely, and we relied upon the second method 

of dilatation measurement.    This method was based on state-of-the-art gas 

dilatometrlc techniques such as those employed by Farrls   [11 ]. 

The biaxial dllatometer consists of two chambers,  a specimen chamber 

end reference chamber, which are completely separate from each other.    The 
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Figure  6.     Biaxial  Dilatometer Mounted   in 
instron Test Machine. 
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dllatometer was configured so that both chambers could be pressurized up 

to 1000 psl and equalized to the same pressure. Once all the leaks 

around the dllatometer, olumblng connections, door, shaft, and calibration 

micrometer were sealed at high pressure, the system was functional. The 

dllatometer was mounted In an Instron, and an extensometer was mounted to 

the shaft of the dllatometer to measure sample extension.  Unlike other 

dllatometers which have a compensating shaft that extends from the reference 

chamber, the dllatometer used in these tests was not equipped with this 

reference chamber shaft; specimen chamber shaft movement was compensated 

electronically by coupling the shaft extension with the pressure change 

due to shaft movement alone. 

Before each test, the unit was calibrated for volume change by 

inserting a precision micrometer shaft into the specimen chamber In 

3 
increments to simulate a volume change of .00707 in (for the samples used 

in our tests this corresponds to a volume change of about 0.5 percent). 

It was possible to resolve volume changes on the order of .01 to .02 

percent over a relatively long period, provided the temperature remained 

constant. To Insure constant test conditions, the tests were run in large 

walk-in chambers which were held to a constant temperature and humidity. 

The dllatometer and associated plumbing were wrapped thoroughly with insula- 

tion material (see Fig. 6) to prevent changes due to the body-heat of people 

in the room who are running the tests. 

The propellant samples furnished by Aerojet were saw-cut into speci- 

mens with dimensions of 7.0 by 1.63 by 0.38 Inches. Using a circular cutter, 

each end of each specimen was trimmed to remove the material included within 

a circular arc with an approximately one-inch radius ronnecting the two corners 
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at  each end of  the specimen,   as shown  In Fig.   7.    The samples were  then 

bonded  to alumintai plates using the 8615 epoxy described  in the poker- 

chip section above.     The aluminum plates were prepared by   first  sand 

blasting the surface to be bonded and then placing masking tape around the 

plates so that the tap», extended approximately 0.25 inches above the sur- 

face of   the plates.  The epoxy was then poured into the cups made by the 

masking  tape to about half  full.     One  7.0 by 0.38 inch edge of  the sample 

was pushed into the epoxy and  against  the aluminum plate.     Care was taken 

to create a fillet around  the sample as it emerged from the epoxy in order 

to provide for gripping and a gradual load transfer from the grips.    A 

spacer was placed on each side of the samples to hold the propellant at the 

center of the aluminum plate while the epoxy cured for twenty-four hours. 

This process was then repeated for  the opposite edge of  the sample.    After 

curing,   the bonded samples were stored for at least  twenty-four hours be- 

fore testing in constant temperature and humidity walk-in chambers. 

A bonded sample was fastened to loading rails and loaded into the 

dilatometer specimen chamber as shown in Fig. 8. The door was then put 

in place and bolted down. 

If  the test was  to be run under pressure,   the valve connecting the 

reference and specimen chambers was opened and the system was pressurized 

to the desired pressure.    The valve was  then closed  to isolate  the cham- 

bers again while  the system stabilized for one  to two hours.     Just before 

running  the actual  test,   the  two  chambers were equalized by opening the con- 

necting valve and  then closed  to isolate them again.    Also,  as described 

above,   the unit was calibrated for volume change.     In addition,   the internal 

load  cell located within the dilatometer was calibrated. 
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Figure 7.    Unfailed and Failed Strip-biaxial 
Specimen End-Bonded to Aluminum. 
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Figure 8.     Strip-biaxial Specimen Partly 
Inserted  in Dilatometer. 
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Several type« of teats were run including constant strain rate to 

failure, ramp-relaxation, and cyclic Loading and unloading before load- 

ing to failure. Sample displacement, volume change, and Load were re- 

corded on a light sensitive oscillograph recorder. 

Uniaxial tests: These tests were run on AND-3066 and ANB-3335-1 

Aerojet propellent using the same biaxial dllatometer used for the strip- 

biaxial tests. The uniaxial samples were made from the 7.0 by 1.63 by 

0.38 Inch strip-biaxial specimens.  Instead of cutting circular arcs of 

material away from the ends as was done for the biaxial samples, the 

rectangular samples were cut completely through to within 0.2 Inches of 

each edge at intervals of 0.37 inches along the length of the sample.  The 

samples were then bonded to the aluminum plates as described for biaxial 

specimens. This procedure provides nineteen uniaxial samples to be tested 

at one time, which are shown in Fig. 9. 

B.  Experimental Data and Comparison with Analysis 

Poker-chip tests:  Figures 10-13 show compliances and dilatation ob- 

tained from tension tests performed on samples Nos. 1 and 2, while Figs. 

14-17 show these quantities for compression of sample No. 2.  The creep 

and recovery compliances are defined as follows: 

Dpcr) 2 r (123b> 

where a is the total axial load divided by platen area, e is the strain 

(based on platen separation) during the creep portion of one loading cycle. 
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Figure 9.    Unfailed  and  Failed Uniaxial Specimens 
End-bonded  U> Aluminum Plates. 
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Figure 10.    Poker Chip Creep Compliance in Tension. 
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Figure 11.   Poker Chip Recovery Compliance in Tension. 
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Figure 12.    Poker Chip Dilatation in Tension-Creep. 
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Figure 13.    Poker Chip Dilatation in Tension-Recovery. 
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Figure 14. Poker Chip Creep Compliance in Compression. 
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Figure 15.    Poker Chip Recovery Compliance in Compression. 
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Figure 16. Poker Chip Dilatation in Creep-Compression. 
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Figure 17.    Poker Chip Dilatation in Recovery-Compression. 
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and e la the recovery strain (which is the strain following load removal). 

The cycle numbers shown on the graphs represent a loading and unloading 

sequence, with cycle No. 1 defining the first sequence after the specimen 

had been loaded once or twice for calibration purposes. Therefore some 

damage had alread I««a incurred, even before the data labeled cycle No. 1 

was obtained. N1" v jowever, that in most cases for each stress level no 

further signi.flent Increase in damage (as measured by changes in compliance 

and dilatation)appears to have occurred aa the sample was cycled. 

The dilatation sturan in these figures was found using the same pro- 

cedure described in [ A] for earlier work at TAMU; specifically, the 

following equation was used: 

v  - 
AV   pi 
V '   V 
o      o 

para 
(124) 

where 

V = volume displaced by moving platen 

V = volume swept out by revolving the parabolic area 
at the periphery around the loading axis. 

As an aid in interpreting the compliance and dilatation data, we show 

In Fig. 18 a graph that enables various property ratios tc be deduced from 

the experimental data. This graph was obtained from a linear quasi-elastic 

analysis of a compressible poker-chip using the equations in [ 4]; a con- 

densed version of this graph also appeared in [ 4].  The following definitions 

apply: 

E  = D   = effective relaxation modulus of poker chip pC    PC r        r 

Du » creep compliance under uniaxial loading 
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Figure 18.    Property Ratios for Poker Chip (01 a/Thickness = 12). 
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B - bulk creep compliance 

K - bulk relaxation modulus   (= B    ) 

-1. 
E   - relaxation modulus under uniaxlal loading   (- D    } u ■= u 

In order to illustrate the use of  this graph let us consider some of 

the data in Figs.  10-17.    The ratio AV/V c is reasonably constant in Fig.  12 

and,  for sample No.  2,  has the approximate value of 0.7.     Reading across 

and down from the AV/V e curve iu Fig.  18 we find D /D      ^ E    /E    - 3.5. o u    pc        pc    u 

Reading up to the B/D      curve and over to the ordinate we find 
pc 

B/D      "  E    /K « 0.9. pc pc 

From the compliance curve in Fig. 10 one can obtain D  at any time, 

and therefore calculate the remaining properties in these ratios.  For 

example, at t - 0.1 min, D ~ = 3000 psi, and therefore K = 3300 psi. This 

extremely Irr* value predicted for bulk modulus (which is typical of the 

values obtained from the other data) is probably in error because of non- 

linear effects. However, it is believed that its order of magnitude is not 

unreasonable since the specimen probably has a significant void fraction as 

a result of prior loadings. 

An observation of interest is that if Av/V e Is independent of time, 

as it is in Fig. 12 and in Fig. 16 except at short times, linear theory 

can be used to show that Poisson's ratio is constant. Now, a composite 

material consisting of a relatively incompressible viscoelastic bindei to- 

gether with voids and rigid particles can be shown to have a constant Poisson's 

ratio; this result is easily established by means of the linearity assumption 

plus dimensional analysis. This latter observation is, of course, consistent 

with the hypothesis that the poker chip specimens, as tested, contained a 
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large initial void fraction due to previously induced damage. 

A partial check ou  the microcrack theory in Section Il-E is pro- 

vided by a comparison of creep and recovery data. First of all, consider 

the following isothermal corstititive equation relating average axial 

stress applied to the poker-chip, o, and the axial strain, e! 

/D (t- t')^^-dt' 
p       at 

(125) 

where P » P(a) is a nonlinear function of stress. Also D is the linear 

viscoelastic poker-chip creep compliance. The creep and recovery com- 

pliances are predicted to be, respectively. 

D (t) - - D (t) pc a    p 

D  (r) - I- [D (t) - D (t - t )] pc a L pv '   p"-    c'J 

(126a) 

(126b) 

where t    is the time at which the load is removed.    Combining Eqs.   (126a) c 

and (126b) we find 

<r) - D    w  - D     (t) - D     (t - t ) pc pc pcN c' (127) 

Since Eq.   (125) with P - a is an exact equation for linear materials, we 

conclude that the recovery compliance for this special nonlinear theory is 

related to creep compliance    in the same way as in linear theory.    Equation 

(127) has been used to construct the theoretical recovery curves shown in 

Figs.  11 and 15.    Considering the scatter in experimental data, predictions 

for the tension test are quite good.    However,  the theory is seen to under- 

predict recovery compliance in compression;  the difference is believed to be 

due, at least in part,  to rubbing between flaw faces which would impede 

recovery from a compressed state.     In both tension and compression 
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the creep compliance varies appreciably with stress level. 

Now, refer to the theory with mlcrocracklng. Rigorously, a nonlinear 

stress analysis of the poker-chlp Is required to Interpret the data be- 

cause the stresses are not spacewlse uniform.  However, we will argue that 

Eq. (110) Is approximately valid for the tension tests after replacing D 

by D , if the underlying three-dimensional theory, Eqs. (A7) and (120), 

are themselves correct. 

Considering linear theory first, if Poisson's ratio, v, is constant 

and the material is linear, the stresses throughout the poker-chlp can be 

shown to be tlmewise constant during creep and zero during recovery.  In 

tension tests, the thickness-averaged normal stresses are approximately 

equal and distributed parabollcally across the radius (with the maximum 

occurring at the center), while the thickness-averaged shear stress In- 

creases linearly with radius from the center [18]. With this observation 

in mind, and assuming the stresses in a nonlinear poker-chip are dis- 

tributed in the same general way, we suggest that the Lebesque norm of 

stress invariants in Eq. (120f) may be reasonably uniform. On physical 

grounds It can be argued that A and A are positive; therefore the 

variation in 6 will tend to cancel that of *j since the former invariant 

is large when the latter one is small and vice-versa.  (This cancellation 

of effects will not occur with compression since both invariants Increase 

algebraically with radius.)  If Indeed g', and therefore a_, are essen- 

tially independent of radius, the relation between average stress and 

axial strain will be essentially the. same as for linear theory except 

a/a„ will replace stress; this can be shown by referring to the thlckness- 

averaged field equations for the poker-chlp [19]. 
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Hence, by making the substitution P -»■ a/a„ in Eq. (125), the 

approximate equation with microcracking is obtained. That this equation 

successfully predicted recovery from creep would seem to imply a„ is 

essentially independent of time, although it depends on stress in view 

of the observed stress-dependence of creep compliance. For the power- 

law distribution function Eq. (Ill), we find during creep (0 < t < t ): 

r-1 

i--l+C1(a)
r-1(t)<1 (128) 

where C, is a constant; during recovery a„  is given by Eq. (128) with 

t - t .  For the data in Fig. 10, n a  1/6, which implies q "  14. More- 

over, we find the stress-dependence of the creep compliance in Fig. 10 

can be predicted by neglecting the unity term ir Eq. (128) and setting 

r <* 1.8.  Thus, the time-dependence of a.„  is relatively weak compared 

to that of the creep compliance itself.  It is of interest to note In 

passing that the value r - 2 is predicted from an approximate distribution 

function for strain concentration factors derived by FarrLs [19] for 

spherical particles. 

Strip-biaxial and uniaxial tests:  A large number of constant strain 

rate tests were conducted at room temperature and at approximately -20SF 

in order to assess the accuracy of simplified constitutive e^o-cions in 

Sections II-A and II-D. 

Although most of the testa were conducted on ANB-3335-1 propellant, 

a study of ANB 3066 at T =» -20oF was made early In the program; typical 

results for stress and dilatation are shown in Fig. 19. The prediction 

of dilatation was made by first evaluating the constants a and b in the 
s     s 
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Figure 19.    Uniaxial and Strip-Biaxial Data on ANB 3066 Propellant. 
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MSS theory and a and b In the OSS theory from the unlaxlal data. Equa- 

tions (86b) and (88b) were then used to construct the dilatation for the 

biaxial teat. Obviously, the octahedral strain theory Is most accurate 

for these data. Also, referring to Eq. (32), we find if 3 * 2 the stress 

can be predicted reasonably well. 

Sljnllar results were found for ANB 3335-1, as shown in Fig. 20. Again 

the OSS theory is seen to be better than the MSS theory. Also, for this 

case (5 =■ 2. Typical room temperature data on this propellant are given in 

Fig. 21, for which 0 *  2.5. The biaxial dilatation data now fall between 

the OSS and MSS theories. A study of the data obtained on several other 

specimens .evealed that the OSS prediction was generally best, although 

some of the results were similar to that shown in Fig. 21.  In most 

of these latter cases some of the unlaxlal specimens cut from a single 

strip appeared to fall prematurely, which would account for the OSS pre- 

diction being low compared to the biaxial dilatation data. 

In order to check the hypothesis that I, is absent from the dilata- 

tlonal constitutive Eq. (10) (or Gq. (61)), It is not, of course, necessary 

to use a piecewise linear representation of dilatation. If the term 6/3K 

is negligible in these equations, then a plot of the actual unlaxlal and 

biaxial data on a graph of !„ va. /f,, will form a single curve If I- does 

not enter the constitutive equation.  Figures 22-25 show such plots for 

0 psi and 200 psi.  Although there Is some spread, the theory seems to be 

quite adequate for correlating the dilatation in the biaxial and unlaxlal modes; 

most of the spread is believed due to premature failure of some unlaxlal samples. 

It should be added that In view of the relatively large strains Involved, 

we have used Invariants based on Lagranglan strains in Figs. 22-25; see 
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Figure 22.    Relation Between First and Second Strain Invariants for 
Data in Fig. 20. 
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Figure 23.   Relation Between First and Second Strain Invariants 

for ANB 3335-1 Propellant 
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Figure 24.    Relation Between First and Second Strain Invariants 

for ANB 3335-1 Propellant 
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Invariants for ANB 3?3i5-1 Propellant. 
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Section II-G. la p»rtl:ul*r, with prlaw* dmotlng davlatorlc etrama, 

IT S B11 - 3aAT                            (129«) 

i2 s E^' E^'                             (129b) 

Note that the Invariant defined by Eq. (129a) la not equal to the dilata- 

tion, except for am«!! atralna. 

Finally, It la of Intereat to compare the value of the modulus ratio 

in Eq. (23) found from the vriaxial and biaxial streas-atraln data with 

that obtained from the poker chip teata. For the former teata at 74eF we 

have found that the relation U/a *  5 holda. Thus, 

Ke 
7^ « 5/? « 12 (130) 
Ge 

Referring to Fig. 18, it is found that thla result predicts the dilatation- 

strain ratio 

~ - 0.69 (131) 

where the standard linear elastic relation 

3K E 
G - —e u (132) 
e  9K - E v  ' e   u 

has been used; also, corresponding to the notation in Fig. 18, K = K. The 

ratio in Eq. (131) la of the correct order of magnitude, based on the poker 

chip data in Fig. 12. 
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IV. CONCLUSIONS 

Eaphaisls In this study has been on (1) establishing s staple consti- 

tutive theory for propellent at large values of vacuole dilatation, and 

(11) the use of viscoalastlc fracture mechanics as a means of relating 

overall mechanical response to fundamental parameters that define the 

extant of microstructural damage. 

Under item (1) we have found the dilatation of strip-biaxial speci- 

mens and unlaxlal specimens to be essentially equal whan referred to equal 

valuea of the octahedral ihear strain. An Implication of this result is 

that the third devittoric strain invariant probably can be omitted from 

the nonlinear constitutive theory without introducing appreciable error. 

It is shown that d 11 .tation measured on thin simple shear specimens would 

provide another check of this conclusion; however shear data were not ob- 

tained in this study. 

In the area (11) we developed a constitutive theory which is 

identical to linear viscoelasticlty except the stress tensor is multi- 

plied by a scalar function that reflects microstructural damage. This 

function depends on a weighted Lebesque norm involving stress invariants 

(rather than strain invariants) and is expressed in terms of temperature- 

reduced time; the weighting function in the norm reflects one effect of 

aging and reheallng, if any. The fracture mechanics theory was developed 

during the latter portion of the program and therefore only a limited 

check of the theory is given. 
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APPENDIX B 

PREPROCESSOR CODE NLOOI 

1.0   INTRODUCTION 

NLOOI Is a preprocessor for the nonlinear viscoelastlc characteri- 

zation code NL002. It takes the raw test data, consisting of a temperature, 

strain rate, time step increment, stress and dilatation, and then calculate 

the following data: 

1. Principal strains, shear strain and true stress 

2. Strain rates 

3. Strain Invariants 

4. Dilatation, corrected for pressure and temperature 

5. Octahedral strain 

6. The 10th, 20th, 30th, 40th, 50th, 60th and infinite Lebesque norms 

All these data are generated for the same time points as the original data. 

The generated and raw test data are then assigned a user prescribed identifi- 

cation and written out onto a tape as a single element.    This process is then 

repeated once for each test, with each test beina limited to 100 input data 

points.   There is, however, no limit to the number of tests which may be pro- 

cessed in a single run. 

Reproduced From 
| best available copy. a 
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2.0       PROGRAM INSTRUCTIONS 

The ourpose of this section Is to list the basic variables of the 

NL001 code and provide a   set of Input Instructions for running the program. 

2.1    BASIC VARIABLES 

Following Is a list of the basic program variables of NL001. 

Each variable Is described briefly and labeled as either an Input or calcu- 

lated output variable.   All Input Is also saved as output.   Any variable 

which Is not either Input or output Is merely a working variable used 

Internally, usually for 1nterm?d1ate calculations. 

Al, A2 Working variables 

BETA Volumetric expansion coefficient - Input 

BULK Bulk modulus - Input 

Cl, C2 Arbitrarily small constants - fixed In program by 

user.    Presently 1.0E-6. 

OIL Dilatation an input - corrected for temperature and 

pressure for output 

DR1, DR2, DR12 Normal and shear calculated strain rates - output 

DT Time step in minutes - input 

Ei;CT Octahedral strain - output 

EPS Epsilon tester working variable 

En, ^22' ^33 Normal strains - output 

Ei2 Shear strain - output 

INV1 First strain invariant = E-^ + ^Z + E33 " outPut 

INV2 Second strain invariant = E,, £22 + E22 E33 + E33 En 
output 
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INV3 

KODE 

KTEMP 

LAST 

MATID 

NAME 

NDP 

N0RMF 

NORM1 

PRES 

RATE 

SP 

STRESS 

STRUE 

T 

TEMP 

Third strain Invariant ■ E^ E^z E33 " out:Put 

Input control variable:    " 1 If a unlaxlal test, 

- 2 If a biaxial test. 

» 3 If a shear test 

Input control variable:    ■ 1 If a constant temperature test 

■ 2 If a variable temperature test 

Input delimiter flagging last Input data point. 

Set blank or zero if not last data point - nonzero If 

last data point. 

Material identification - Input 

Test Identification - input 

Number of data points of a specific test 

Infinite Lebesque norm - output 

1th Lebesque norm - output 

Test pressure - input 

Strain rate, observed - input 

Working variable 

Observed stress-input 

True stress - output 

Time in minutes - output 

Test temperature - input 

2.2    INPUT INSTRUCTIONS 

The following series of cards are read once for each test processed 

through NLOOl.   The last card of the input deck is always a blank, however there 

is no blank card between tests.    The required input variables fo^ each card 

appear below with their formats shown in parentheses. 
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Card 1  (A6, E14.4, 215, 5a4, 2E15.6) NAME, PRES, KTEMP, mi, MATID, BULK, BETA 

Card(s) 2 (5E10.3, 15) TEMP(J), RATE(J), DT(J). STÄESS{J), DIL(J), LAST 

Here J Indicates the Jth data point of '•.his test.   Card 2 Is repeated 

once for each data point. 

Cards 1 and 2 are repeated once for each test processed. 

Card 3 - A blank card Indicating that last test has been processed. 

2.3 SAMPLE INPUT SHEET 

Shown below Is a sample Input sheet for NL001.    It contains the 

Input data for two uniaxlal constant temperature tests.   The first, U00100 

Is at ambient pressure wh<1e U10105 Is run at 100 pslg. 

2.4 PROGRAM LISTING 

The listing of NL001 appears below.   Note that it is written 

specifically for the UNIVAC 1108 computer.   Use of this program on any 

other conputer would require substitution of the appropriate statements 

for the »'AKELT and SQUEEZ subroutines. 
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APPENDIX C 

POST PROCESSOR CODE 

1.0       INTRODUCTION 

POST Is a postprocessor for the NL001 code.    It takes the output of 

NL001 off the NL001 output tape, and prints selected output 1n a report 

format.   There Is a minimum of two pages of output for each test reported. 

The first two columns of each page are the data point numbers and time In 

seconds.   Page 1 then contains the three strain Invariants, the dilatation 

AV/V , corrected for any temperature and pressure effects, and the octahedral 

strain.   Page Z displays the temperature, calculated strains, and the true 

stress.    In addition to the above, each page has a heading giving material 

type, bulk modulus and volumetric expansion coefficient, the test type, 

initial strain rate, pressure, and whether It 1s a constant or variable 

temperature test. 

The only card input to POST is the last card, a blank, signifying 

the end of the data.   All other Input is read directly from the NL001 output 

data tape. 

2.0       PROGRAM INSTRUCTIONS 

The purpose of this section is to list the basic variables of the POST 

code and provide a set of Instructions for running the program. 

2.1    BASIC VARIABLES 

Following is a list of the basic program variables of POST, 

names and tneaninq of variables is compatible with the NL001 code. 

The 
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BETA 

BULK 

DUM 

EDdTO 

ITEMP 

ITYPE 

K0DE 

KTEhP 

LAST 

MATID 

NAME 

NDP 

PRES 

X 

V-"umetr1c expansion coefficient 

Bulk modulus 

Ourrmy variable 

Initial strain rate 

Alphanumeric constant/variable temperature header 

Alphanumeric unlaxlal/blaxlal/shear test type header 

Test type control variable 

Temperature control variable 

Last data point delimiter 

Material  Identification 

Test element identification 

Number of data points in a specific test 

Test pressure, psig 

An array used to store the various output quantities 

2.2    INPUT INSTRUCTIONS 

There Is no card input for PfJST.   All input Is read from the 

NL001 data output tape, element by element.   The user merely Inserts an 

"ADO" card tor each element of the tape he wishes processed by POST.   After 

the last "ADD" card, the user Inserts a blank card to terminate execution. 

2.3   SAMPLE INPUT SHEET AND OUTPUT 

Shown below is a typical input sheet for POST showinq the UNIVAC 

1108 "ADD" cards and the last (blank) card.    In the example shown, two tests 

are processed U00100 and U10105.    Following the sample input sheet is the 

actual output generated by POST. 
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2.4   The listing of POST appears below.    Note that It is machine 

independent, except that it expects the input to be in a specific format. 

This format is exactly that used by the NL001 code. 
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APPENDIX B 

CHARACTERIZATION CODE NL002 

1.0 INTRODUCTION 

The  computer code  NL002 Is a nonlinear  thermovlscoelastlc  charac- 

terization code that accepts pressurized uniaxial, biaxial and shear data 

from code  NL001.     Dozens  of experiments of  this  type having arbitrary 

deformation-temperature  time histories can be simultaneously fit  to con- 

stitutive equations  using NL002 which performs both a distortional and 

bulk characterization as  described  In  the  text of  this report. 

2.0 PROGRAM INSTRUCTIONS 

The purpose of  this  section Is  to present  the basic program variables, 

their definitions and use ir. the NL0Ü2 code, a sample problem and a listing 

of the program following the sample problem input sheet. 

2.1    BASIC VARIABLES 

A Coefficient   in e A*DIL/EOCT which is  a modulus multiplier 

AT Stiift  function - Input 

AVGAT Interpolated  value of shift  function at  a  specific arbitrary point 

P 
B Coefficient of  t  In power law term (1 + Bt)     - input 

BB Solution vector in regression analysis 

BCAL Calculated value of dllatatlonal stress 

BETA Thermal volumetric expansion coefficient  -  input 

BO Regression  coefficients   for bulk term - calculated 

BULK Bulk modulus  -  input 

CO Regression coefficients  for shear  term - calculated 

D Slope of shift  function vs temperature curve - calculated 

DEV Local percent  error 

D-l 
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DEVI Final local error on o., 

DEV2 Final local error on a,, 

DI Working variable 

DIL Corrected dilatation AV/V - Input 

DR1 Calculated strain rate E... - Input 

DR2 Calculated strain rate E,, - Input 

DR12 Calculated strain rate E12 - Input 

DT Time step - Input 

DTR Reduced time step - calculated 

EjCT Octahedral strain - Input 

Ell, E22,  Principal strains - input 
E33 

E12       Shear strain - input 

F        A coefficient defined as F - e [A*DIL/E0CT] 

"fVT 
G A coefficient defined as G - (1 -  "r^ ) 

IFF       F coefficient flag; set IFF(I) - 1 to multiply Ith term in 

regression by the coefficient F 

IFG       G coefficient flag; set IFG(I) - 1 to multiply Ith power law 

term by the coefficient G 

IFN       Norm selector; selects up to six norm terms, 10th, 20th, 30th, 

40th, 50th, or 60th depending upon whether or not IFN(I) is 1, 2, 

3, 4, 5, or 6 respectively. 

INT1, INT2, Hereditary integral terms - calculated 
INT12 

INV1, INV2, First, second, and third strain invariants respectively - input 
INV3 

D-2 
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IPG 

K0DE 

KTEMP 

LAST 

LINE 

MATID 

NAME 

NAT 

NBULKS 

NDP 

NORM 

NORME 

NORMS 

NPL 

NTERMS 

NTEST 

NTUT 

Nl 

P 

PRES 

R 

RATE 

Page counter 

Test type indicator - Input 

Constant or variable temperature test Indicator - Input 

Input data delimiter 

Output line counter 

Material Identification - Input 

Run title printed at top of each page 

Number of values of shift function Vs temperature 

Number of terms in series for bulk term regress ton 
presently fixed at 14 

The Lebesque norms of E-.- - input 

Infinite norm of E0f,T - input 

Number of norm terms in series for shear term regression - 

limited to a maximum of 6 

p 
Number of power law terms of the form (HBt) 

Number of terms in series for shear term regression - limited 

to a maximum of 1A. 

Test number in this run 

Total number of data points processed l*- thia run, i.e., ZND.0 

First data point used in regression analysis 

p 
Exponent in power law term (HBt) 

Test pressure, pslg 

Primary matrix of regression analysis 

Observed strain rate - Input 

D-3 
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RES ID 

RESID1 

RESID2 

SCAL 

STD 

STRESS 

STRN 

STRUE 

SUM 

SUM1 

SUM2 

SI, S2 

S1CAL 

S2CAL 

T 

TEMP 

TITLE 

TR 

TSHFT 

XBAR 

XF, XF1, XF2 

XN 

Xi', XQ 

Z 

Interim variable used In calculating standard deviations 

Calculated value of stress In shear regression 

Standard deviation 

Observed stress 

Interim strain storage variable 

True stress 

Interim variables used In calculating average error and 
standard deviation 

True stress, STRUE - S1-S2 

Calculated values of SI and S2 

Time In minutes 

Test temperature 

Test Identification - Input 

Reduced time - calculated 

Temperature at which shift function Is Input 

Average error 

Terms In series used for regression analysis 

Power to which norm term Is raised 

Working variables 

Exponent of G coefficient 
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2.2 PROGRAM INPUT 

This section Hats the required input for NL002 on a card by 

card basis.    The  format  for each card Is shown In parentheses. 

Card 1 (20A4)  NAME 

Card 2 (2E10.0)  A,   Z 

Card  3 (715)   IFG(I),   I  - 1,7 

Card A (1415)  IFF(I)   I - 1,  14 

Card 5 (0615)   IFN(I),I  - 1,6 

Card 6 (6E10.0)  XN(Ie)   I -  1,6 

Card 7 (15)   NPL 

Card(s) (SEIO)   (P(I)X   1-1 NPL) 

Card(8)  9       (2E10.0,   15)   TSMFT(I),  AT(1),  LAST.    Where 

LAST - 0 or blank If another TSMFT vs AT pair follows, and 

LAST ^ 0 If this is last pair. 

Card(s)  10    "ADD" cards  to add elements from NL001 output data tape, as 

many as desired 

Card 11 A blank card  to  Indicate end of data 

The  above cards  are shown on the  coding sheet below. 

2.3 SAMPLE PROBLEM 

Shown below  Is an  Input sheet  for a simple but  typical problem 

using 13 tests of  77° data,  as  Indicated In the  title.  Card  1.    Card 2 sets 

A -  Z • I.O.Card  3 indicates   th&t   ill power law terms are multiplied by G. 

Card 4 Indicates  that all terms in the shear term series are  to be multiplied 

by F.    Card 5 says to take 6 norm terms, but to use  the 10th norm for each 

0-5 
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term.     Card 6 gives the power Co which each norm term Indicated on Card 5 

is raised.    Card 7 Indicates how many power law terms to keep; here  3. 

Card 8 shows that these  3 power law terms of the for  (1 + Bt)'  are  (1 + t), 

2 3 (1 + 2t)   , and (1 + 3t)   .    Card 9 shows a constant shift function vs  temperature 

curve.    Cards 10 are the elements  from the NL001 data output  tape  for the tests 

of Interest.    Card 11 Is a blank card which Indicate  the ned of a run. 

2.A    PROGRAM LISTING 

A complete source listing follows the data Input sheet  for the 

above problem. 
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APPENDIX E 

CHARACTERIZATION CODE NL003 

1.0 INTRODUCTION 

The computer code NL003 1s Identical In Input and operation as 

NL002 and performs the Identical dlstortlonal characterization.    NL003 

differs from NL002 In the bulk characterization.    In this code the 

dilatation Is expressed In terms of the mean pressure and the octahedral 

shear strain as discussed In the text of this report. 

Since the code operation Is identical only a sample problen aiid 

the listing is provided 1n this appendix. 
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APPENDIX    F 

SUBPROGRAMS 

1.0 INTRODUCTION 

This appendix lists the additional subprograms called for in codes 

NL001, NL002, NL003, POST, and LINVIS.    These routines are used for page 

counting, headings and matrix inversion and are common to these codes. 

Since these subroutines need no input from the user only the listings 

are presented. 
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APPENDIX G 

COMPUTERIZED CHARACTERIZATION PROCEDURES FOR LINEAR 

VISCOELASTIC MATERIALS USING ARBITRARY DEFORMATION HISTORIES 

By 

Richard J. Farris 

c-/ 

1 

li   1 

\ I 



wmmm mmufiß wwwpmffppm.j. „i.uiiiinmiHuippi wmimm M^fnw^i-i^ipvflTignBH 

1.0 INTRODUCTION 

The purpose of this appendix Is to provide an improved means of linear 
viscoelastic characterization.    The computer code presented in this appendix 
was the first code developed on this contract and formed the basis for the 
nonlinear characterization codes.    The code calculates the best fit distor- 
tional stress-strain relation for mixed unlaxlal, biaxial and shear tests 
having complex deformation histories including transient temperature histories. 
The representation used is 

o(D)(t) 

t 

G{t'-e,)e(D)(e)de (1) 

where    o      = distortlonal stress 

z^ ' - distortlonal strain 

Thermal effects are included in that the distortlonal strain depends 
upon thermal dilatation and the reduced time, t'-^', depends upon temperature 
In the usual manner 

t'-e1 = di/AyCx) (2) 

The kernel function G(t) can be represented as either a Prony series 
or as a power law series depending upon users preference. 

In the Prony series representation the kernel function becomes 

G(t) = A, + HA^M (3) 
1      1=2 1 

and in the power law representation the kernel function is 

M N 

G(t) = A1 + EA2(1 + ß^) 1 (4) 

G-KJL 
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The code requires as Input parameters the time-tempera tu re shift 
function and a family of exponents ß^, 1 < 15, for the Prony series 
representation.   The code then computes tFe best fit linear coefficients 
Ai based on a relative regression analysis as discussed in the text of 
this report.   Once having determined the coefficients the program can be 
used to calculate the response to any history of interest. 

There are many advantages to this type of characterization method 
some of which are given below. 

• All of the data obtained on a material can be used in the 
characterization. 

• The method can provide the best approximation to any complex 
history. 

• Provides the best fit to all of the data not just a relaxation 
test. 

• Provides direct comparisons between observed and predicted data. 

• The method is much more accurate than usual methods and provides 
statistical information regarding accuracy and variability. 

■ Eliminates the need for special tests and test equipment, such 
as stress-relaxometers, since characterization can be carried 
out from any experiment. 

• It provides a practical method for linear and nonlinear visco- 
elastic characterization. 

As an example of the application of the method the following figures 
are included.   Figure 1 demonstrates the excellent results obtained when a 
five term Prony series is fit to a ramp loaded stress-relaxation experiment 
for a composite propel 1 ant.    From this experiment, one might get the mis- 
leading impression that linear viscoelasticity was a good approximation to 
propellant response.    Figure 2 shows the linear viscoelastic analytical 
continuation (based on the fit from Figure 1) compared to the experimental 
results when straining is again commenced.   Obviously the material is not 
linearly viscoelastic.   The remaining figures Illustrate the excellent fit 
obtained in Solethane 113, an unfilled rubber, on a series of experiments 
using complex histories at temperatures from -650F to +150oF.    The last 
figure shows a comparison of predicted transient thermoviscoelastic stress 
response for Solethane 113 with experimental results.   The Solethane charac- 
terization was carried out using 15 Prony series terms and the predictions 
were within + 10% for one standard deviation demonstrating that linear visco- 
elasticity is an excellent approximation to the behavior of this unfilled 
polymer. 
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;'.i)   I'I<(M:KAM INSTRUCTIONS 

This   Hectlon  presents  a  description of  the basic  varlabl 's  of   the 

I.INVIS   linear  vlscoelastlc  characterization  code.     It   Includes  a  data   sheet 

showing  ihe   input variables and  formats,  a sample problem and a  listing of 

the  program. 

2. 1     liASIC VARIABLES 

AT 

AVCAT 

li 

Uli 

liKTA 

CO 

n 

nr.v 

DKVKAT 

l)T 

1:1, i;2 

!• 

0 

12 

n 

Vector of  shift   function  -   Input 

Average  value of AT -  calculated 

NN 
Constant in the power series term (1 + Bt)  or the exponent 

— Rt" 
in  the  prony  series   term e -   input 

Column  vector   in  regression  equation 

Volumetric  expansion  coefficient -  input 

Regression coefficients  -  calculated 

Slope of  shift   function -  calculated 

Percent   error between calculated and observed stress 

Deviation  strain  rate  -  calculated 

Time  Increment  -  input 

Principal  normal  strains  -  calculated 

Working  variable 

Inverse matrix 

Set  to  1   to  include  a   linear elastic  term  in  the series   charac- 

terization otherwise  leave  blank or zero -   input 

Number of power or  prony  series   terms  -  input 

12 + 13 -  calculated 
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Iff"1'1 "*•'•  iiMpnnin>ijiii.yW1,||<|lui|in^,.,|>,,  .„ HJH..I.HII, 

16 

1NV1 

JL 

KFL 

KODE 

LLL 

NN 

NEXP 

NTEMP 

NTESTS 

RATE 

SIG1 

STD 

STRN1 

T 

TEM 

TEMP 

TIME 

TITLE 

TR 

TTEMP 

V 

VOLUME 

Equal to NTEMP - Calculated 

First strain Invariant - Input 

Total number ot Input data points - calculated 

Number of inpui data points in a particular test - calculated 

Test type: - 0 fir uniaxlal; » 1 for shear; ■ 2 for biaxial 

stop - input 

Characterization type: » 0 for power series; = 1 for prony 

series - input 

NN 
Exponent in the power series term (1 + Bt)   - input 

Number of data points for this test - input 

iJumber of shift function vs temperature pairs - input, 20 max. 

Number of tests for this run - input 

Incremental strain rate - input 

Working array to store all siress input 

Standard deviation - calculated 

Same as SIG1 except for strain - calculated 

Time - calculated 

Same as SIG1 except for temperature - calculated 

Temperature at a data point - input 

Output time - calculated 

80 column alphanumeric identification - Input 

Reduced time - calculated 

Shift function input temperature - input 

Working matrix 

Same as SIG 1 except for INV1 - calculated 
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X 

XBAR 

XF 

Y 

YCAL 

Dummy array 

Average error - calculated 

Union of the  X sets 

Observed stress  - input 

Calculated stress - output 

2.2       DATA INPUT 

The input variable required by LINVIS are shown below,  card by 

card, with  the   format  shown in parentheses. 

Card  1   (20AA)   TITLE 

Card 2  (E10.0)   BETA 

Card  3  (515)   12,  13,   LLL,  NTESTS,   NTEMP 

Card(s)  h   (2E10.0) NN,  B 

Card(3)  5  (2E10.0) TTEMP, AT 

Card 6   (215)   NEXP, K0DE 

Card(s)   7   (5E10.0)  TEMP,   RATE,   DT,   Y,   INV1 

Cards  1  through 5 are  read only once per  run. 

Cards 6 and  7  are repeated for each test. 

The above cards are shown on the data sheet below. 

2.3 Shown below are  the sample  input sheets  for a  typical problem. 

By  referring  to  the master data sheet,  above,   the  input  is self explanatory. 

The output  sheets  for  this sample problem  follow the data sheets. 

2.4 PROGRAM LISTING 

A complete source listing follows the sample problem output. 

G-17 

aMÜMÜ HBHliHi liiriViiiiMhi,:^- - uHMm 



iHSiMfnnRWW»snpnH('»tn* MMaMHUM 

3 b_ 

r L 

i 

J 

? 

t 1 
It 

ir 
jr 
ir 

3.1 

ir 
ill ir 
jp 

ir 
t 
»_ 

ir 
ir 

[r 
t 

?._ 

«r 

ir 
ir 

»r 
s 

•Ml 

— 

- 
- 

: 

i 

- 

- 

- P 

1- p 

p 

... 

1  

_ 

_ 

- 

P 
- 

r 
- 

F 
- 

- 

- 

- 

- 

— 

- p 

1 

s 

i 

[si 
M 
- 

1 

'                        [ 

• 1 

Tn 

• 

_ 

> '» 

2 
3 

IS 
t 

- 

\m 

> 
1 y j» 

5 
> - 

1 

SI 

- 
5 

~3 

i— 

« • - 

is 
- 3 
si 

_ 
- - 
- 

- 
" 1 

t in 
Si 

-J 
-1 
-i 

•—> 

5» 
- V 

\m 

10 
♦ 4 ~ • 1 - - w 

:5 

m 

< 
at 

« • • 

- 

- 

•"I 

od- - ml 

1 
• c 1 

r 
-z 
> 

HI 
M "•j 

1 
Hi c 

a. vT 
Ul 

• i _• .0. 1 
- 

1 > 
—1« 

H 1 

L-» •0 S) ® S) H ̂   H S) ©■  ^ 

G-18 

" ■ 



r 
ü 

\M 

« 4 

W 

L. 

1 
i 

1 
| 

u 
J to 
1- 

* 

■ 
w 
s 
f 

' 

t 

:_ 

- 
r r 
C 
-\- 
* L 
J_ 

If 

f 
1- 
f 
I 
1 

f 
it jT 

f 
1- i 

f 
f 
I 

«f 
if 

- 

~ 

- 

I 

- 

I 

- 

- 
- 

- 

- 

- [- 

: 

_ 

_ 

- 

- 
- 

- 

k 

- 

- 

- 

^ 

- 
i.: i 

! 
-     -' 

J 

J 

1 

[ 
j 
1 
r 

[ 
[ 

3« 

"0 
• 

9 
« « 

m 
• 

JO 

> 

"0 

>• 
• 

i 

r 

>n 
1iw 

1 
1 3 

• 

_ 

> 
; 

<vl (SI 

I« 
"o 
•*> Kl in 

3* 
V 

N 

Is 
n 

r 

«Ijl 

i 
3 

1 -i 

JO 
■ 
_o 

— 

- 

- _ — 

V 

* 

- 

8 

~ li 

li 
R 

rah 
"in s 
o = - - - - - 

"> 

»Luv 
'   -4L 

p 
> 

o 

O 
i- 

JO 

'S* 

in 

•• 
JO "o 

"♦• 
J* 

> 

"H 
• 

o 

Ul 

O 

1 
Ul 

_ 
_ 

> 

• 
Ul 

• 

- 

in 

- 

- 

- - 

- 

- 

"> Iw» 

- 

- 

| 

r«-' - Nlro 
J? ~    1 

_ i i Is 

_H 
H 

LH[ 

3- 
o 
1 

Ui 

• - 
- 

- 

• 
« 

* 

- 
- 

"<a 
> 

• 
"o] 
5*: 

_o 

9- 
-j 

- 

- 

- i 

" 

- 

..   1 - 

* 

H 

JO 

Tor 
*0" 

1« 

- 

.^-^T\^^/Oi           _^C2v -1 <S\/C\ 
^v^viT'^cvva/          -sis' •1 «/ l!^ i <S/vi^ 

Cr 10 

- - i 



"""'""••^•'^^mmmmmmw.m.i.i   ■»i.imn.B >i.if..-;..iniiMiMffp»iiplvy....-.,i,WTOW,i.WWT, 

1    t 

w 
J 

\i 

n 
• 1 

■r 
ir »r 

W- ir 

1" 
«i 
?L »r 
ir 
Ir 
u 

är 
si 
ir 
ir 
jr 
>r 
!L 

■1    « * 
'0 

— 

• 
JO 

• 
>4 

• 
"in > 

« « 

t- f 

. L 

h 

- 

z 
- 

_ 

J     1     1 

n 

-  h 

r r •■ 

_   L   _ 

- 
pi 
Fi 
£1 

£ 
i 
r\ 
3 

- 51 
a 

• 1 
s 

- 
«J 
si 
J 

- 
- 
a 
t 
i 
yj 

1 1". 
i 
jT 
Jr 

ir 

spa 
:5 

• 
V 

* 
2* • 
> 
•A 

« 
>> 

> «4 
• • 
>• 

- p 
1 * 1 ä * 
12 

I2 

r 
r 

r 

«I 
ir 
ir 

ir 

to 
•1   * 

: 

• 
-V 

- 
: 

- 
- 

» 
• 

- 

- 

JO • 

- P 

*\ A 

£ 

% 
nl 

li 

4 

.1 
[_ 

u 
-%- 

- 

J^ »• 

- 

- 

a« > 3 

- »1 

51 
t| 
si 
si 

Cih 

1 1   * 
- 

- 

- 
- - 

- 

H 

»1 

% 
"l > nl M 
—1 m 

M 
-li 

L* ̂ >- — — — — — -m 

G-20 

■  ■-■- -■ 



m^mm***<^*immm* »'." m jjiii! m n i wiw ii|iimiuiiiiiu.«w«<> -' '  i^ 

i 

IB « 
C 

in   I 

u. 

c\ « H 
rw 

M 1A 
r- 
•c « 
r- 
IP -J 
i\ * L.' • >- C 
•a 
z u 
o 
et tn 

c c 
a: a 
u. 
-i 

I 

> 
-1 

l»i 

L. 

ft 

o 
a 
o. 

i 

in 
b.' 

a 
w 

Is 
o 

15 
c 

m\*4 K) 
& c c 
I i ■♦• ♦ c,c a o c e c c c 

1>=       ! 

V G-21 



iviiin^iniHpi.iiia II p    I»IJ»|«|}I1|IIIJ,|,IP,,I1  ,l«ui».iW,HI»ii»HP"Ii-'"»ll.lPH(,i>J»l'i!.'"<Wi"iWII«l«^ "imasaRM ^. 

I      .1     ■    I i i 

in 

>■ 

? 

c H IT 
IVl ►" _ > 
CM ^ z 
r» -1 
<c « 
r» 
ir j (\ « UJ * >• c 

r    k/i 

^! 

esses c «. c 
o'ooo'oooloo 
cccoccocc 

i   i 

COOC'OOOpO 
+ ♦♦♦♦♦♦ 'I I 
cccccc-ccc 
ocococooo 
C U-   C C «- C IT. p O 
»- »- ^ r. c - ft. F; -< 

-I 

I 

1    ^ j 
». ; 
Q. 
-■• 

1 

MI       -il^F-a-ir>cr^«rc 

6-22 



afcdM artiiiiii11  '      mt*  ■ ■    ■ ■■' MIHil urn  ir 



'«■»»^(MMftM •"^■mwiiiMi      i" "i "i IMIPII irm^im^ .JJ»™- 

b 

St 
c 

I i        i 
-cc.-.- — •---•- — 
cccccccccc 
!♦♦♦♦♦♦♦♦♦ 

cccccccccccc 
cccccr ucuncc 
cccr^«cr->cirtfi>cir 
ccr-a^-ft. (■.»*«, 

c 
c 
c 

i 

t>. cv r> r r c. ft ^ r. f\i <v 
cocccccccce 
♦ ♦♦♦♦+♦♦♦•♦ 4 

cococcccceco 
cccocr^vtfrrcu" 
c r. « a. a <t r^ r- r- \c «: c^ 
c i-i r. r. r. K  r »r r.r. *> IC 

c 
c 
«J 

z 
o 

U.' 

^    - 

b. 

r- 

J 
a. o 
a 

: 

< 

£1 

o a. 

c z 

pcccocc-oooo 
I   I I   I  I   II   II   I   I dccccecoccco 

cccccccccccc 
0(\   s£CCC  CC   CCC  C 

1 

o c 
u. 

ic c c c c c;c c c:c c 
!♦♦♦+♦  »+♦♦,♦♦ 

ccccccocccoo 
cirir(ririririririf«rir. 
o(\jc\j(v(\t(\jo]niru<\j|(\j(M 

n *• r) r, ir r r n r- re ro 
CG = C=C=C3CC 
i* ♦ -f ♦•♦♦•♦♦♦■♦ ♦ 
OCCCCCCOCCOC 
COCCCCCCCOCC 
cLi LH m ji UJ x in L" IT. «r tn c " 11 :i t": -. t -. r. 1 

z 
c 

If 
ili. 

r 
•H<\jio^in*c r^cc ao»*«^ 

! I 

G-24 

il wm mmm mmmm MWiMmritff-'"'--'- -..^.^—■■■-   JM» J 



^..■lirHmpiii.iiHp. '"' "' «niCMHWUflVRPilL'^r^n" rrrr "»M^JW"- -V-Vr~'-'- -•myr V vw^Tet 

c 

c 
c 
c 

If 

fi 

i   i 

cv 

I 
0> 

^ 

I 
IS 

i   «,   .. 

1 i 
JJ C5 
i: (- 

<V 
o » •* >c 

1^ w 
1 I 

a c c 
r-. c I* f) «, IT \r. 
3' 0 o; a 
*.! u <c X. 

1 1 
«1 

0 
K C •- IT 
o- C 
IT IT 

o   ic    c    c 
U    {U      u,     u 

;^ 
G-25 

I    I     II   I1MII  - BiM t ■-       liniM-"J  '-■"■-'"•'-"--■-■-— I   - 



mi*mi*mi      ii   iwmiWi^p "_m_i»iHJ^_iJJiJ_J^»uggu^M_^ 

« 

ft c 

< 

L 

!0 I 
ill. e 
j> N 

ir t^ 
> e 

c1 ' u 

CM 

IT 
'S » 

o 
> 

u 
S1 

o (r 
a 

I 
< 

IT 

> 
z 

c. 

V-. 

I«-. 

ft? 
o 

G-26 



irTwnnww,     wrr'r-r~fw*-*mv*w v JI  jmin^iM^pif ■JTrfwr-' 

I 

c 
c 
o 

c 
u. 

I*-     mi 

| VI 

ie 
o 

«' 
«I 

IT 

tf M IO 
<o c o 
•i «u in 
<V |*C J 
«0 O I«- 
— <C IT 

r- o 
+ 

!  - 

i  J o 

»0 

|o     ~ 

K   2 

I 

r     2    z 
«.     tl   ». 
_l J _I o c c 

u 

i 1 

G-27 

  I — nimiii --   - 'J 



Wf)|PB|Hiw»»wmpim|p|;m. .i.   min'mwrwwmiii"ii]'—''mni]j*'w..-'r-:wm'v. .■ niwyrr-^T»^-^ 

u. | » I 

I 

ccccccccer 
I I  I I   I I  I  I   I ' 

cc^^cr   c r r- «. ci\.(*  jr c a- a' a ^i o 

cat cr^r-r «. <t * 

CCCC   CCCCCj 
I I  I I   I  I  I  I   I , 

cccvrv.'i.c a:r»c 
c F r c (\ K. r p  c K ; 

— occocc col 
cccccccoc 
I ♦♦ + ♦♦•♦♦! 

cifcr^ravice tf 1 
cir 3 p-, or- -^ OL o o ! 
co ri i^. o K. u. » r, c I 
c o- c i^ >c «; c r: a- ir.' 
C\C<H^"-^<\J(\J(\J0J; 

i~COCi ooooc 
ccccccccc 

c r i«. f- *c «c rf < K m 
cOKijir- c.-H(oa)r~ 
c ,ec c IT a c c p r- «■■ 

a.    r z 
>"    3 

c 

c C-l o !«* a) n 
," U' ^ 

a 
< 

c ui c 
c ^4 mi '\ • ►- > 
cv i' 

UJi e 

c (V c <\'»- c\i o kc a, <\i 
cf-.-cJvOc^ — r- 

i rv. »•. CJ cy <\. •-• i 
i   i  i   i  i ;i 

ccceccct-cc 

* ^- r* 0 c c 
«H r\. CNJ «^ »n K) 

s (T ec 
o cd <y 

• !•••••   ■ I •   *   • 
f* <; (i. ^- Cs. ^ ^ <t a 

»^ « <V  C\J <\. ftj  <V CM 

! 
I 

CCCC CCCC, 
I   I  I   I   I   I   I   I 

CCCJOC occ oc 
ccc cc cccrcc 
coccc otrlr cir 
s: c -z iT a x *■, ev ft. •"» 
o o •-« to «£ wfuma- ml 

I t 

ccccoecco; 
i  i   i   +♦♦•»  + ♦ 

ccc ccocc CO1 

CCC   O-iTClTClT 
C J- C .T (V T P"* P" Ai Jf 

i 

a J 3 c ^ n o a o *31 

* o a c o c c: CJ cro1 

c^oo-ccooaj 
wOD  -=^  OCO   OOl 
OOww ^-occ oo 
C .-I a- s5   J) O -3 'D CJ o i 

.CCCZ'OCOCQi 
U". Li iT. ai tr* ^ L 1 X) tT 

G-28 

b ^ IM MMM MHginM nitB 



< 

c 
o 

o     < a. 

t 
Ci 

cl 

-       IT! 

>- >; 

3 a    z z 
»-      3 

<\i 

I 

r> K; K, I»: r, i«. Ki f. i«/ r> 
cccccccccc 
I  I   I I  I  I   I  I  I   I 

6 li •- S tt. I«. I». O C t •- 
ci". «vno a>L»-a«-o 
ctracr^acircicr) 
Cr. — co o. «. f~ (- * n. 
e p » p. »■»■••-•- ^ »•  ' .   •   •! . 

cccccccccc 
I  I   I I  I   I ' I   I   I ' I 

o a. -a- o f\.(\.(rco^«CAC 
c c c »^ r* u- IT r* c «N( c 

cc — ru caP'-r-c^ 

Si 
u. 

•" t- c c 
fC c c c 
11  I ♦ ♦ 

e c <. <t ir 
<- Ul c_ w ^ 
c •- ir r- cr 
c » i"Mr 
c;« a ». ^• 

| I 
C O C C C 'C 
c c c c c c 
+ ♦♦♦♦♦ 
r c f- a a ;ir 
ui tr. o i\, Pi r* 
et tf' ^- ir a; x- 
a •",»*«,« 
•-• <\. «VJ <VJ «V* IIO 

1       I -■«ocoo'ooop 
c c c c c c c c 'c 11 i ♦♦♦♦;♦♦•* !♦ 

cr-r^ir^r^—jp-o.'io 
c c ot O1^ cj o* ■* o o'm 
c — ^ — «t ec ec ;c; r- ir. |e 
CiT. IT r, i C CM Ul «C -i ivf 
c>cO'^<-i<-<ninj<vi')io 

c1 c c c a c a 
cr* <-i ec »0 ^ <\i 

ma o 

c c c'c c c c cr c c 
cccocr-iCf^K-r-c 

« <\i (\iro IO m n K) m in 

ci-H ototn « * r* * •-' rfi 
C;s  * ^jct C   vC -C S-lC 

* i 

r; evew »^ •-■ «-< •* t-t »H 
c c c o c :c c co 
l l l l l I i i l 

c c c c c c c o c e- o 
c c c c c c c c c c c 
c c c c.c (\J IT o tr <\i o 

I»-» *4 WO wGOO O O 
C C C C C C   C C  C|C 

I I    I    I   + ♦   ♦ i*  +   + ' + 
C C C O C  C  C   C C   CIC 
■2 .*. .T n -3 o J .: o -=: "3 
c =- c c c ir c IT c i/". .in 

= ; ^ >£. BC « •«• r-j« CV (VffW 

f 

I   I   f 
OC 3wi303 OCO'O 
o ^ c c o o c '.-. :i c; :.? 
c  O ^ ■=■ ^ ».; ^ r., ^  i^ X 
Z ,\ Z  4.   X  ^Z l\. *  ^   X  t\, 
O 1*1 S \L -X. ** —I **■***<& 

CQ   3.3000   OO   0,3 
CCCwUnC  o o o o 
oooaoc oooo<o 
CwOOOOU ooo'o 

•   •••••••••• 
ICOOwOO   OOOjO 
lin ^ iT ji ui *n ui s/i ill Jtfl- 

ä        ; 

G-29 

k jMiiMMMiMiMliiii l ..»-.-.J-.. |  ! MM—Mi Hi   '   ■"'""■ 



**"■■ '■    '^"l'W uw ■-. pppp, "iPMiiiiy ^iiiipiiiififiüffrj iiipmn.^iKii ■■wwiwwrinjfwwwrw^ ii n^ii^pi .i_..p.ppRlHii«ffwiv>*   ^i"^-Ty, wmip.nw.ytuinyw-wyry-TiT 

I       ! 
ul 

1         1 1    1 
f\ 

it. 

z 

.0. 

C       <; 

>-       -i 
Q. 
2 

."■I 
CVI 

to 

£ 
U 
_l 
a. o 
a 
a 
u. 
J a 

öl 

c| 

^1 

51 

§' 

MliWiliilii „-^^^^-„.■i-^v... 



■ mmvmmm' '■' -iw«,">'.,i'i" *i'*i- vm-"*-*-™i^mmiiii>miinM ■ "" 

% 

| I 

i 

*       \        ! 

z 

I c c o o 
♦ ♦ I* + 

•^ tf C) c. o^ 
•-I c cr >c <\ 
— ■ c in vo « 
c i i<-, IT .^ cr 
«j •- ^ O' ec 

i 

►<       -H rum * 

I 

IC 
10- 

£ 

U.' 
2 

1^ 

to 
o 

I 

I 

,2 
ti. 
I> 

z 
o 

U". 

c 
u. 

IT 

u. 
i 
o 
u 
i z 

ir c a 

a 

I   i 

G-31 

-   --- mm* i« 



(
j)

 
I w
 

N
 

.. 
--

. 
V
~
~
N
A
Y
•
~
~
S
7
~
7
o
J
o
1
0
0
 

2
5

 
..

 IIY
 

'P
3 

J
6
:
t
6
:
1
1
~
 

P
~
G
[
 

IC
J 

..
 

t:
L

 T
 
L
I
N
\
;
1
~
.
1
 ,
?
.
~
1
1
~
2
l
t
 

:3
C

JS
't0

 

-
-

--
·-

-
-
-
-
--

-
--

--
-
-
-
-
-

00
1:

0(
11

 
C

 
L

l!
!L

il
fl

 
VI
~o
CO
~'
"I
.I
'.
S
T
T
C
 

C
P

/I
f.

t.r
.T

F
P

T
lA

T
IO

I!
 

r.
O

n
f 

W
tT

tt
 

r.T
LA

T
IIT

T
M

• 
F

O
rt

 
II 

'"
 

(J
(.

,1
U

fl
2 

C. 
:1

F
V

I/
IT

O
I•

JC
 

S
T

I'
lf

.',
<

;"
"S

 
IJ
<:

J~
.r

, 
"O

fl
lF

J"
"n

 
P

f'N
F

R
 

!;
f.

P
tE

!;
 
~r
, 

pr
10
~J
Y 
S
f
R
J
~
S
 

II 
?

"z
._

_
_

 
--

-n
t.

Ji
in

3
-
-
-
-
-
-
-
-
c
-
·
-
-;

:;y
 

=
 

•
r
c
r
~
c
r
~

t
r
r
f
:
u
r•

cf
'f

o•
r
v

~-
u
:
;
r
s

· 
l
i
~
~
t
J
{
f
i
i
T
F
r
f
w
i
'
I
'
H-
n
~
w-

fl-
-
3
n
 

·-
-
-
-
-
-

on
 .. 

o'
"' 

C
 

1\
V

t;,
'IT

 
: 

V
/IL

tlE
 

O
F 

SI
'J

I=
T

 
Fl

lt
tr

TI
O~

' 
F

O
P

 
II 

<
;P

[C
:T

F
IC

 
T

tl
lf

',
 

II 
qn

 
(l

r.
,l

l)
f•

:;
 

C
 

11
 

: 
C

<
·"

S
l,

\'
'T

 
1~

! 
T

tt"
" 

ro
~o
~r
;~
 

<
;I

"'
R

Jf
S 

T
!"

R
I'I

 
U

•r
T

h
••

·t
-•

• 
O

P
 

T
"F

' 
1\ 

"i
O

 
-
-

-O
!J

.J
U

ut
. 

• 
-

-·
· 

-C
-

-
-
-

··
-
-
-
-

·-
-

fX
fl

ii
'lE

I·r
T

 
fr

· 
TI

~
F.

 '
pw

nr
JY

-
S

F
il

JF
.S

 -
T
F
i
l
~
-

E
X

P
 I

..;
H

T
l-

. 
--

-
-
-
-
-
~
 

-
f,

tl
 _

_
_

_ 
-
-
-
-
-
-
-

-
-
-
-
-
-
-
· 

C
.O

,U
0

7 
C

 
!I

f\
 

: 
I' 

C
C

L
U

•I
t•

 
V

E
C

T
C

R
 

TN
 

TH
F.

 
P

(G
I'

lE
S

S
lO

N
 

F
O

U
fo

T
IO

N
, 

II 
7

0
 

O
!r

u
id

./
, 

C
 

n
E

T
 II 

: 
V
O
l
l
l

i·'
f'
T~
J<
: 

Fl
<P
I\
~

IS
J
N
I
 
C
l
'
l
~
"
'
F
F
!
C
I
E
N
T
 •

 
II 

r>
n 

--
rr

.u
r,;

.'J
-
-
-
-
-
-
-
,-
-
-
-
c
r
)
-
-
-
=
-
-
-

,-,
r
_
r
.
r
;
E
~
T
n
,
.
.
,
-
·c
r
f
{
F
F
'
I
r
.
T
E
i
r
r
s
:

·
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-

~~-
o
i
\
 _

_
_

_
_

_
_

_
_

 
--

-
-

--
-

l.
lr

.r
O

lC
 

C
 

f'l
 

: 
. 

JI
!T

F
IW

O
J
I\

T
T

O
I!

 
<;

J.
C

if>
F 

F
C

P
 

S
H

IF
T

 
F

IJ
N

C
T

IO
t:

, 
A

T
. 

~ 
1

0
0

 
01

.1
10

11
 

cJ
 

C
 

n
F

V
 

=
 

PF
.~

>C
Er

1T
 

rf
V

If
iT

JO
I·

l 
"
fT

I!
".

:F
N

 
rY
Pr
rH
~H
lT
Al
. 

AN
O

 
C

IIL
C

U
LI

'T
r 

II 
11

1"
1 

-
u

t·
u

•J
l 

<:-
-

-
-
-
-

-
· ·c

--
-·
l
1
r
V
.
i
~
r
-
=
-
-
-~
£
F
i
t
-
w
f
i
 

11
c; 

-
· 

o!
F.

f1
-;.

F:
2:

:>
57

fiT
 .-

-
-
-
-

-
--

-
-

--
-

·-
-
-
-,

.-
·p,

.,-
-

-
-
-
-
-.

-
--
-
-

·-
--
-
-

-
O

l·
·l

ll
l.

3
 

C
 

O
T 

: 
PF

.:L
TI

\ 
T

Jr
.'F

.
!'l

f.T
io

!'=
'(N

 
E
X
P
~
n
i
~
o
~
n
r
t
r
.
L
 

II
•P

U
T

 
P

O
'J

ti
T

S
. 

II 
l
~
O
 

O
f·

.J
O

\I
t 

C
 

F
lt

 
F

?
 

: 
ST

r>
11

I1
:'>

 
t
!
l
 

II
N

I)
 

F.
:?:

:>
 

p
f<

;P
fC

T
T

V
£

L
Y

. 
A

 
ll

lf
l 

-
cr

.H
: 1

 ~ 
-
-
-
-
·
 -

--
,

---
-

... -
--
-
-
:
-
-

--
F'

Il
'lN

T
-

r
il
c
r
n

r
il
'o

 h
:ru

T
nE

-
T

E
''f

'E
n

A
T

U
r.

F
 -
n
r
.
r
r
~
o
n
~
c'

f.
'i

F'
"'

t'
ii
-

il
fc
:n
·-
-
-
-

· 
U

fo
.I

C
i

l> 
J 

C
 

TO
 

C
:O

fl
rl

rC
T

 
r'1

R
 

T
n

u
r-

S
T

:n
s
s
. 

· 
· 

II 
lf

>
O

 
t.

C
.J

ll
1

7
 

c 
c; 

=
 

u
:v

rr
sr

 :
•t·

T
rn

x.
 

" 
t7

1"
1 

-
-

U
b

O
l

i' 
-
-
-
-

·-
c 

---
t?

 
: 

s
[
r

''
Ti
)
-1

'y
r

--
f
l

-f
sn
£

5t
r?

F
Q
T
O
T
N
c
L
u
n

·r
-·
;;
u~
ii
:-
A'
Ii

._
f
.
L
A
S
T
T
 

/1-
tf

ii'
 

L
(l

u
fl
l9

 
C

 
H

• 
T

H
F.

 
c
;
r
p
J
E
~
 

C
H

I\
n

i'
C

:T
E

Q
T

/'
A

T
T

O
f\

, 
. 

'II
 

lQ
O

 

-
-
-

-
-
-
-
-

--
-
-
-

---
-

-
~
:
;~
g~
~-

-
-
-
-
-
-
-
-~

--
--

i~
 

~ 
-.

!f
~~
~~
J~
I"
£~
n!
t,
<;
 

O
F

 
TI

I.F
' 

PO
~J

F_
;1-

C
R

 -~
1'
10
!!
! 
Sf

.~t
_r-
_S
_
 .• _

_
_

_
_

_
 -
{

-
~
~
~

--
-
-
-

· 
t.

rr
.r

rJ
;>

2 
C

 
H

> 
=

 
~t
T
r
r
•
P
 

II 
2;
>~
'~
 

01
 . .

;11
;

::, 
C

 
H

l\
'1

 
: 

F
IP

S
T

 
~
T
P
I
\
T
:
~
 

J"
'V

/I
r/

~1
1!

-I
Tt

 
E

K
I' 

: 
F

tH
r-

;:
>

2
'-+

F;
:\3

 
::

 
O

V
/V

. 
II 

;:>
;o

n 
-

ll
f .

 .J
IJ
~'
4 

. 
-·

-
-·

-'
(. 

--
--

-
P

rV
F
-
-
-

=
-

· 
C

.,[
C

O
f.!r

i' 
~
T

r;
r.

 T
'i
-
H

1 V
A
"
I
Ii
f~
T(
r.
j

,..
,T
-

IJ
C;

Fr
)
T

.H
I
5
 

C
M

'r
l 

•
-

--
--

-·
· 

-~
 

?.4
1"

1 
u(
o,
J
(;

~·
5
 

C
 

JL
 

::
 

T
C

T
I\

1 .
. 

''
I"

'F
·r

r:
 

01
" 

O
IJ

T
P

IJ
T

 
P

(l
J!

;T
S

 
f.:

O
IJ

J1
l.5

 
T

O
T

II
L

 
fo'

ll
"'

r!
fR

 
I'l

l"
 

II 
2~

1'
1 

O
!r

.J
fl

t.'
6 

C
 

f;
X

P
i-

P
I'

'F
N

T
I'

l 
l!

JP
II

T
 

P
O

IN
T

S
. 

II 
?
(·

~'~
 

-r
;,

 i'.
o;

 7
 _

 ..
 _

_
_
_

_
_ c

_ .
. __

_ V
.F

l. 
=

 
r

~l
s
n
F
;

l
·
"r
1r
_
r_
v

f>
f'
.
r
>
n
'
F
-
~
~
T
f

iJ
3
0
'
t
'
C
f
.
\
T
i
i
f
>
n
r
f
.
l
Y
5
 

J:'
o"

'r' 
~~
-
p
~
,
;

·2
7f

'f
 

o
;
:
u
o
:
~
~
 

C
 

n
.c

;T
, 

··
~>

ct
r:

IJ
''
 
=

 !;
o

. 
11 

;:
><
~n
 

U
U

.,
l•;

>'
) 

C
 

Y
.O

I"
r· 

:
,.

 
T

Y
P

F
 

O
F 

T
(<

;T
 

IN
P

U
T

 
0

1
\T

/\
: 

(I
 

F
O

R
 

t'
fi

J
I\

)'
J
A

L
 

II 
?c

:n
 

-
--

fi
:

·.
J
I
J
~
U
 

-
-

··
-·

-
C

 
-

.. 
-
-

.. -
-
-
-
-
-
-
-
-

-
-
-
-
-

'1
-f

'o
o

 S
!'

fA
I'
-
·
-
-
-

1\ 
~
O
f
'
 _

_
_

_
_ 

_ 

l.
ul
l

ll
~
l
 

C
 

2 
F

O
P

 
fi

T
I\

X
II

Il
 

S
T

R
IP

 
( 
f
'
~
 

II 
;,

tn
 

O
t
O
~
~
~
 

. 
C

 
L

L
I.

 
: 

C
H
~
P
I
\
C
T
~
O
J
7
1
1
T
I
O
N
 

("
n

F
 

: 
0 

FO
R

 
P
C
~
F
n
 
~
f
P
l
F
'
S
 

tl
•R

•T
) 

II 
3

?
0

 
-
O
f
.
'
i
r
u

:~
J
 

· 
-
-

--
--

-
c;-

-
-
-
-
-
-
-
-
-

--
-·

-
-
-
-
-

=
 t 

F<
'P

. 
rp

fi
u

y
-

c.
('P

.t
rs

 "
F

"Y
.P

l-
:n

.t
ji-

;p
ll
 _

_
_

_
_

_
_ 

_ 

Ul
.v

fr
~

1 i 
C

 
t1

rt
 

::
 

E
X
P
O

~!
FI

I:
T 

It
' 

H
:F

. 
r'
o~
·r
::
:n
 

C
.F

'R
tE

S
 

TF
I'!

Ill
: 

IH
P

T
lH

N
I•!

. 
ft 

~
4
0
 

OI
J,

,(
j~
!,
 

C
 

'l
l'>

'o
' 

: 
•'

li
'''

1
":

f(
 

O
F 

fX
n

E
R

H
'p

o
T

,'
\L

 
H

lP
U

T
 

[.
li

T
/\

 
P

Q
it

.T
S

 
F

P
C

!I
 

T
f-

11
5 

T
 

fo 
3!

i~
'~

 
Ul

lu
ll

.~
,
;
-
-
-
-
-
-

..
 

C-
-
-

rJ
TF

.-r
;·

 
: 

-
i 

t)
.•r

ll:
';T

 f
'(

:"
 "

fN
°0

T
 
S
H
'
r
~
I
F
I
)
r•
t-
'
!
Y
O
F
i
T
E
t
'
P
r
:
l
l
/
I
T
U
P
C
D
A
T
 11

· 
PC

:H
I

11-
~
,
.
o
-

· 
-
-
-
-
-
-
-
-
-
-
-

-
-
-

·· 
00

tJ
lJ
~
7
 

C
 

F
.'/

IX
J!

.IL
JV

 
J<

; 
2

n
. 

f. 
:n

o 
O

to
d

li
3

t·
 

C
 

r,
T
f
~
T
~
,
 

: 
T

C
:T

I\
I.

 
'·"

f!
lp

,r
r:

>
 

C
F

 
TI

"<
;T

!>
 

!'
•!

PU
T

 
F

C
R

 
T
~

•T
S
 
Pl

l~
'•

 
.-A

X
I.,

U
M

 
: 

1\ 
3

n
n

 
-
o

u
.,
~J
~9
·
-
-

·
-

. 
-

-
c-

-
fi

ii
T~
-

·-
-
-
:
--

'-
-
r
t

:r
PF

'~
J.F
t•

l/
IC

ST
,.

,~
i'

N-
-P
.I

\T
F.

 
-
-
-

-
-
·
-
-

-
A

 
3'

30
 

0
[•

d
1 l

4
0

 
' 

C
 

<; 
tf

.l
 

: 
''

l 
fo

9J
R

f"
f'

 
V

II
L

'l
E

S
 

O
F 

ST
R

F<
;<

; 
H

lP
l!

T
 

F
O

r 
1\

L
l 

T
F

C
.T

S
, 

"'
A

X
T

IJ
 

A
 

ll
l'l

n 
Ol

l
o~

C
t;
l 

C
 

O
.T

f' 
: 

S
H

.N
"'I

If
>

" 
rf

V
T

JI
T

J(
IN

 
II 

4
1

0
 

-
lk

i'J
lt4

.<
 

-
-
-

--
-,

--
.. 

-
.;

rw
-:

:-1
-

=
 

s
•·
r'

t
t
~·

rr
sf

Ci
i~

J,
;f

i'
. 

--
--

·
 

11 
ci

?n
-

-
-
-
-

O
L

n
u

t•
J 

C
 

T
 

: 
[X

D
F

IH
"F

fl
l'·

l 
li

JP
lJ

T
 
T
J
~
F
 

P
O

JN
T

S
t 

5
0

 
l'o

iA
X

T,
..t

JM
. 

1\
 
~~
~n
 

O
V

H
14

't
 

C
 

T
F

I'
 

: 
H

::'
-'
~"
Ei

i"
Tl

J!
I~

" 
• 

.1
 

II 
41

tf
l 

-
o
r
u
'
E
!
•

·~
-

c 
rr

:v
p 

: 
f
f.

•;-
-Pr
:H

ii
Ti

ii
~r

--
l'
!'
oi
fJ
ti
'f
'U
T 

'l
ll
fA

. 
~ 
-
-

;; .
. q

c;
fi

 
·-
-
-
-
--

-
-
-

--
--

-
0

(·
t,t

J-
4t

> 
C

 
Tl

•~
:.: 

: 
1}

•·
.-

, 
CJ

IL
CI

IL
.~
T
F:
n
 

O
"T

I"
IJ

T
 

P
O

H
IT

S
t 

6
0

0
 
~
A
l
C
J
,
U
•
•
.
 

1\ 
llf

'o
l"

l 

ll
l•

•·
')

1 1
7 

C
 

.. 
T

IT
L

F
" 

: 
~~

~ 
t:
'l
ll
l"
~

' 
T

O
':I

JT
JF

T
r.

II
T

IO
I•

 
. 

II 
4

7
!1

 
-

OI
•l
.l
t;
4_
,
-
-

-
-
-
-
-

·c
·
-
·
-

~y
,~

 
: 

l<
[f

lr-
tC

F
n

 
T'

f~
·F

i 
O~

FT
'I

F:
i)

'A
c'

;
-f

i'
1'
7A
T-
.-
-
-
-
-

·· 
-

-
-
-
-
-
-
-
-

~~
 

4'
\1

'-
-

·-
-
-
-
-
-
-
-
-

--
-

-
--

..
 

01
•;

,0
4

9
 

C
 

T
T

F
':

P
 

: 
V
E
C
T
0
1
~
 

r-
F 

T
F:

'1
PF

'P
I\T

II
P.

F.
 

V
II

L
U

F.
:S

 
C

O
R

R
F

5P
O

t.O
IN

G
 

TO
 
I
~
P
U
T
 

A
 

lf
qO

 
IJ

r.
;o

(I
!J

U
 

c 
C

 
<

'F
 

T
H

F
 

<
;H

JF
T

 
f'

ll
'!

t:T
T

O
N

 
li

T
 • 

II 
S

ll
n

 
-

0(
 tr

O
S

l·
-
-
-

-
-

--
-

C
 

'1 
: 

~:
i\
in
)l
( 
r
.
n
f
f
"
~
T
f
h

-
F
O
R
 

n-
c:

't
fu

F
S

S
tO

t·f
-

1
\P

IA
L

Y
S

iS
. 

~
 

A
 
S

if
i:
-
-
-
-
-
-

· 
O

t 
.. 

:•
!.
>~

 
C

 
vO

L
.JI

'o'
F 

: 
fl

JL
II

TI
IT

TO
~

.,
 

'>
A~

F.
: 

11
t:;

 
IN

1 /
l.

, 
A

 
S?

n 
IJ

ir
<.

(r<
;J

 
C

 
X

 
: 

f.
f'

II
I\

T
JN

' 
V
~
P
T
A
r
.
U
:
c
;
 

F
O

R
 

1\ 
P

II
P

T
IC

IJ
U

P
 

T
E

S
T

. 
/1 

s;
,n

 
-

iiu
uu

!>
,.-

-.
. -

-
~-

·
-
-
c
-
-

...
 Y

'lA
.<

 
=

 
l'

vT
r>

r.
c:

.'F
-r

.·r
v
f
t
l
'
f
i
o
~
f
 

--
-
-

--
-
-
-
-
-

-
-

· 
--

--
--

·-
--

-,.
-s

,,o
 

-
-
-

~
-
-
-
-
-

-·
·-

-·
··-

~.
 

0(
1.
;(
1~
~ 

C
 

X
F 

·: 
C

O
L

L
E

r.
T

T
O

IJ
 

O
F

 
V

fo
P

T
IIR

LE
c;

 
F

O
P

 
A

L
L

 
T

F
q

s
, 

T
H

E
 

U
N

TO
N

 
C

F"
 

II 
S

!'
i'l

 
_

O.
!J

!J
_(

!~
i>

 
_

_
_

_
 C_

. 
• 

• 
T

I'F
: 

X
 

<
;F

T
S

. 
II 

~
l
i
n
 



mm KoM^npunuil» f^; «BiwnpwrflW^iWIW!*' 

e 
«VI 

ir^ a 
I IT IT 

c c c 
C c - 

< c < « « 

k _ 

C C  I c c 
a. C 
•c >c 

c c c c 
C  •> <\ !• 

c c 
i- if >i: 
r- r~ p- 

««<««'««< 

lc . 

c 
l/l L. 
Ü.O. 

c e 
•» i: 
a. •- 

c 
<. 2 

c 
c c 

lc >/■ 
1U li- 
I    c- 
3 c 
at 

L 
IT li' 

t ► 
t l/i 
t- 
1/  c 

cJ: 
L.  < 

k 0 
It/' _' 
IK < 

• c < 
» c • 

i —l» i 
ilU. I 

IT 

, mlir -      wl- r u. 

Ix o 
a. IT 

rte . 
—     ic — o 
CM 

- U. . 
9        I 

LjlC I 
CiH- 1 

l< C 
• ;c u 

>-<> - ■ 

MI       L   . 
C   •       I 

(-'— IT . 

c < t- . 

C- C  ( 
IT  it < 

i ml 

cl * 

> c iirlo 

— I- -   »in  > 

i i- J i 

-   I'J 

I   >■   i>- >• 

■ >t& 

- .-v. !<- .» ii: 

■si 

U,(-» O U.-H 

>        V •■  «,w 

O   • N. • as: 
«Ü1 S Nt 
. »- V s z 
NZ SLu'l 

^^: s c - 
S.    1 • 

so   • • U X 
s a  • - • X1« 

x  ■ Z K CM 
• u. &     1 

s»-i a » 
i- c r si- c • 
C i • < u. 
*-4   <   « • rsj    1 
H       - >   »x    «IM 
<   ' l- a. -| 
N - * -u.«-! 
« « c. ►H »-   w: • 

cr - -O   0.'  • 
u. c * 2. c      IX >~ ^ 2: ».'a 
(J    ' -H < in ^ 
<(/■.- It-. 
CK u = s 
< Z u. s 
I< I If Z'S 
UH a b.' OS 

I/, u K C.|S 
SZH »ax 

U C' o •-• ry '■j j- «n  c P* .J c* ^ -H \j -o ^ r.  ; r^ .^ r> o --» ,-g T j- -i £> r* 
■ «. -T ■*) »i*- -d. 'i w >*   -L *a ■*.' *. r- r- -*■ r- r* r- (^ r- r*- r* x -, -' - ■*: »^ u. *. . 
* ^ s c ^ »^ w O' w * y -2 wV 3 j ^ ^ s o rj c. o o E: a a o o c c; ^ 

O w ^ |0 i"   0  O .^   X J'  -J -H .*y O J   o o r-   C 7^ ^ -H • J IO  T L-)   o          t      • 
^ c- o -■ :■ : L cr c- J v ^ o =; ä r? w c CJ c» —■ -^ -«-^ -* «t ^ | 

■ .: 3  z .~> -:   .'.   ?  z  ■■: o ~i n T ~ o D T* -? z.  ■: — ~. r- ~ .o ? ^l j 
3 w   ^  „ —   .:   , .  C C  w J  - ^  i    i w C   O  t_   w  ^ ,j  ;-.   Ji O  O ä 
Ä O -SO 3' -ajCl O 0,0 ^ Ö--3 OO iO CS C O O O-.a 3 .3 O O O i 

G-33 

ii--^'-^—" -"-■ «^M 



mi»..!!!!»....,!, , nuioil.lllli IUIJIIIJIIJI I ...i- w   m:    I'^limmi HIJ n< nil u^ w«*!***!« . --1...1.. .iw..-! .TF.,.-— .. „11 lii^». I,,., ,,   .mniiiiii.K,.  ,«, mj^nu  HU  ' 

cccccc ccccec t c c c c c c c c c c c c. c cccccc cccc  c 
r>-c;c,,c*-«<Vf«3,ir,vCr^o,0"C — (^■^<^r■l/'^^^-c^.o, c— cvr  rirar^cc er — n. h 

ccccccccccccccocccccccc 
a- u  «ft r* o ■cr o .- rv r- r- IT \r (^ r a c >t ft't*' » IT * 

<  <  4   < <c < < « c a c 

H-i     ^ « « ft, 

u. 
X 

o 

c c 

c- 
o 

c 

IT 

z 

<<«<<< 

c 
I 

«.<cc«<<«<c< <<c«:c.«cc«-«r< 

^ 
K) 
M 

•M 

11 
M •-• 

Ic 

,0 
1° 
Ic: 
it lu. c 
cr 
c 

> Q 
■ i. 

> M 
a -> 
u 0 > 
2 u 
0 1- ^- ►• 
H 
L> V 

U; W t" u t- H-; t- 1 ^. 1         w |rr 'K | « |C 
c »- c. c I» »»I C 1 ^■ V   ^ L y 

2 C 
c 1 t ~. ^ 'S la 

*. 1— 

c | 0 ; r^ *■■• t* L >- 
c ( <v *- i— 1 H ** ■*   ^> C   »—! u If. u Iä ». 1 

•CO •   •! H- ^ Ä iK 
V-' *» m c c, «. 1  * ^. W L-l r- 1 < :»-I c   -U • » r. ■, <  » 'jj Ur. ^H -T * • -J ^s' • • r-ij 
N "; * c- ; •    • II • .id —' c -i.  Z Jj _j +■ 1 Z £ 11   • 
•£ J1 in 1-. > »^ 1 «M -J _Ji ^f It- if -J _J - C — _ ZL O — — •—1 j" 
r^ «C _l < 
IT c\. H> •H U'L. -J -J K 'IT K- -J u c u. ^ r- H-IU. L   C 

M 
3 c «r M II C ^* —« | C ^7 t-l t— ^ C i— •—        < * U i.. -r %r c a- ^r U. Ü.; Ic i. ; • u. ar C .' c u. ir- n r u > C- 2: l-l «-• -, ■' 1-1 ►-: - '-J c,.' 0 *"1?' 1   _..K 

^ 1 ■ 1 

c 1 ( 

I 
-3 

tJ   ..S   ! 

11 ►- 

- 11 
, 11 — 

x     1^ - 
ft!       fti .M u -) U 

!? 

—  »   '  !V   " 

Li 

*H 
II *      • 

c 
Kl   II 

r o  _•   -<  - h .- £ c .■: - 

-4  ^J   -O   J"  il    0  r*   "3 Ji  O ^H v"J .0  ^ 
wj^;c ^  r C C *fi N N p* f* t*- 

S   Doer.   C^OOOi -3 O  ; 

i 

.DC    "   -   — . 1 o o 

G-34 

mm ■l 11111111 M.i...ilJ..aliif'^' - 'i   I       lil'wii 



iMiWMinaiiiLilWWHi 
"mm 

^«^"VWWll^N"' 

^ 
• >- « 

& 
in 
IM 

c c c Ic c c c 
r* r a c — r ir 
^ r- r- iff a cia 

c c c c c 
■ IT <' f* ff 

ccccccccccc 
0- c — (v PI alt" vt r cc q 

e t c c c c 
«n » !/■ «tir- a 

cc cc cccccccccccc c c c c c c 

<L « a; a* «cc o e occicco cr o cc oooc CJC co^-**-i«^'»-i-«-^^l^(\,fv. r.c\. cv Ai «v <v rvj^jKiiKj 
<\ a (\. «\J c. <v «xj'o. <\;<\.cw «\j<v<\.c\. i\.r. c. r;c\;(\.c OJCN. dc- cv (N. (\if\. e\.;<\j ««.«.<< 

c 
a 

<<««.*«'<.<««:<<: 

-J _l J 
u. b. u. 

t- a a c 
— 3  * ■» 

IU. IT k. 

•£,►-»■-»- 

> > 

x i. 

>- >- 

X 2.       X 

X i 

u u. 

< < 

Ic i, 

c 

> u ►-;►- ^- c 

■-.IY: *■■<■- 
-; >li 

• ft. It, — 
■ L. C.U. 

— nto ^. • a. ♦ c'u. U. it.c 
x Till Z. TiX U/ —,C C- 1- — : 
*-    i-* *t —lu c     c c c 
H f.lx •-.      li. *- li..^, v ^''^   ■ 
c; .■•:i • .-  "   it   ||  h-iw ,.- 
c    li: < -us *-> •- 
> c,— c v u. c » u. u. u.'2; i 
^ Cx u "- x f "n ^ N- ^ '• 

c a     a 
a v     s 
u. Ui     u 

< «   < <K <i « « <  c 

_i!- i 
LLi^- 

ax;- 
i- S- x 
L. >- •- 
K C '■ 
— It» U # -* 
«x I 
t- ^ 
U.:u- - 

• cr i- x 

^? 

x 

c 

I 
L   X 

^. <v - 
•    • X 

cfe - 

> — >li  — i- I- cr 

J-. — Si— 

hi_ ?r c c 

• >!i - 
■iz —z-ss • 
■ I*, I ►-!— ir 
in « ti»«   • 
, hi c 
i   I-  X   II   II 

C.lt- i ■ "-iL.  IL 

i- (2 ll 

^ u- <; u. 
O C - = I 
c !c i- ^l 

u. IL u; c I 

u 

c 

L. 

O 
a 

<<«<««..«« 

c x 
■ c — 

t - : \:r   . 
• C. U. C I- 

C. • KIU. J 
II c - —   • 
X L. 01iü-l/l 

" X c   «- U. 

a 

UJ 
V- 

<r     — 
IT        • 

O       T »-      — 
C 

c      + 
m     _ 

—     i 

n. 

c c c c c 
r   K  ^ IT *c 
i») r. « m ml 
Ca a c\. c c\j 
« c < < <: 

I 

t'     -I    - x 
i-.    cl     i — 
h-      Oi     x I- 

*  X 
IT — 

C i 
if  *- 
» ft. 

c 

3 u a. c i 
w •- u., u. ■ 

T a r xi» X 
lu .'. —■     — 

(^ >- « l-'C I- 

T S J'" c 
cue > o > 

' cl*- u < c < 
cr!—. 
»-   li. X   i 

IT U I 

1/ 

b. 

♦ -   1        1 c ^* X -      1- a 
- X      l- 

1 c -     ' . Uli 
X i-i 

U   L.      IU. 
=.,1— li.l • c 
l-l— II  3U J. 1 
in— r J C.I 
r* II X •- -J Ul 

fs. -i j» o -H (y fO j- J*) c ^ *) y o 
f^ r* > ^ c^ -c x a. a.   « « «L. vt c 

f*- ■ J J^ 3 -t CNJ ') ,* -T 
j^ j- c;~ c ..: _■ r. c- u-. 
_ « ^ (\ ,\, l ^ A, ,; f\. ^ 
= T J -3 r ; ■ J T . 

OO 0 3 0 0 0 0 OO O OO 3 ooo ooooo ooo o 

v O —I 04 -O 5-   .1   0 (^ ^ ' J* 3 »-1 "NJ "0 J- -*)   J ^ 0 'J* O .H ry *1   * taT .c 
. »- ^ „ ^, ^ « r« ^ „ ^, ,^ X .-« c\ r. .\, (\j   -j Oo .-g i». r» K) p) r^ f, fO 
; V i\j A« •'<* ^J <"«: ("».   y f\* .\J '■. iN. fy '\. r,- cv .-%, a c^ c* .-j eg t^ o« :\j ry r\ 
; J  -   L -: -> -^ ;  n -:, - w  T r -J .i 3  D   i ; - 3 -^ ^ c^ -3 ra c 

,0   — OOiOC—  OO- C iw   ocooc 
rOOO OiOOOCOO'O 0000 o 

G-35 

HlliMMüHMHIili MBUgH «wüilMMBaa»« 



(TMiKrnwmr* v.PjMjiii^ppipiifii ijn, mmvmOf*i ?'W^j(iiii.iii|^lflH!.",V,!i,TfH'""'-T" I "Twi ''t*wr^^'"r',i(V |^1||!)I.*-i«fJf 

UJ 
o 

I      I 

I 

CCC*CCCCCCCCC1CC  cccccccccc  cc  ccc 
P* ff" C o #< A; w: tf r »T r» C/ c c —c-r-a-uor-c 0 c*-c\ F ru 
r;Kirtf*3-ö'irj3,*a,ffuirtriririrmiriru"\C^'r'fx»c 

«CC«<««.C<<CC«C   «.  «  *G.  «C    «.«.    <«   CC   «  «,   CCC 

2 

in 

cccccc. ccccccc. cccc 
I 

I 

fe 

-       i 

er 

I 

T 

Z 

1 • »- 

s: i 

w I 

5 i 
er 

it 

a. 

r« c 
i* ♦ 

♦ o u^ 
ä « c u. 

a 
(T A (\, ff < u. ^ i C KP 
o^ y *» ^ T >- 

es *- >- L. c < i « c 
_i n 1- a -1 

fj a 3» T ,_ K: u- 
>-. x: -JW •x u k« ^ »  • •M f ff II h- 
« i\ ♦ Oi h- *» D ri f\> (\ 
n n #n 11 1 — u. "3 L. r- r II 11 ... t 
:• ~i a Y h- # k _> ST > ;- ~3 C lt. 

c 
*- f. j2 c <\ ►— at Ix ■f K- c (J ^ Ni c d 
T   t " ii II *- ■•J k- w — 11 

II t— ►- r »-« t— 
C C lO — O ;■ + '3 u c EJ C3 f ■ ^ C 
C C <: *" c »- ■ U X L; C ^." c •- : 

or 
c 

c 
o _' 

i ^ i 
c 1 

■) 
i U —, i ^-  .r- 

w o jt ] >    X. 
U. -J — ^-» ^- i_   >—' 

1 * ^- Ijt i- •-c 
K ' c —' u   — It > 

U  II   >- ~  ±   3 
yi o ^ " II M ^ 1- •- 
H -J • ^. — —. +   M    - 

V , ii. u. N  _J   -r "i L: il ; • _ i.   ~)     • i ^- + 5 .., ^ 2 ; i; —    "^ j L    — 
:   *3 c- 

■— l— i— ■»     ■■*-. ; K- ^ ^- 
-    t" _i i 

C *' C ■ .'- O t-  - '— C L  C 

CCCCCCC   c   CCCC 
-iTvLf^au c — cv, f *«• \£; f- ö. 0 c«-'^ r^ir 
r^r^r^r-r-r-r (rtaac: er. trerccaCTcaaO' 
c <vojru(\. er. o.PwPwtvr. rs,o.fv1<M{\.c\.(Nj(ve\.<\; 
cc,   cccccc   cccccc   <<.<<«:c<< 

I        I        l 

^      j u u u -r 

c! 

3I 
II   tl' 

IT 

$ 

1/. «r i 

o -i 

c irl 

_; 

' jii        'ii ;■ c c < r; u. < o 
T- c;y r ►- LT u 

II   D 

i. ." 

^ C 
II 

c c- 

;ii -. 
in- c- 
1 >- 
<\ U".  ■ 

c u 

I 

' > ^ T D -H c*j ^) c -n 0 r^ 
; ^; r", fJ J   ?   J-  ^ J J  J  J 

(\J (g (^J iv .V .\J f j rsj c j ry f\j ( 
; '"3 ','   ^ '3 v3    J   J ""  j:   2   '>   T    ■•    3   ^ j; ^    ^ 

■CJOCaOO DC00000030   3 

I 

J> 0 -^ -y -O r- ,>-o r*- ti J1 0 '■«", -1 ♦ »n ." 
•  j-  if   J: .1 _-. .; Mo u, -1 «- c   . ,'   : ^ c . 
^ r\,  --vj Tw OJ f\ - -N.' f , 'N  ft: >\i   M -M >\ *« CM .\J 

UwO—   — u w J* « — C- O' J j  — c   00 — 

!                 ■                                                    1 i ■ p 

:<* Oj rg r. o« rg f\, ^j »■y rv; f\, ."N, fy. t\ cj r\j o« .\. rj fj i\; ry rv,, 

03 'O OOIOO 0,000,0 oc.o 00 C O  O   30  ol 

I       I       i      i       I I i I 

G-36 

m^tM ■■iiMiiiMiiir 1 r mi  I.i 1.1— - 11—II1HI III     I 



,^1,     „mnwmiwiv.m' > <    I ill IIIII,IW.IUJI»I.   'T ' -.»! M—■■IIU.,I ,..I..»I f^n—' '■.II-^.JWTT I I n II WH.I^MII)»»»""!"»» *'l ■ » • mi im, ■. yß.m».** ? 

c 

in 
CM 

I 
I 

ccccccccccccccccccccecccccccccccccccccc^cccccccclcccccccccccc 

oacccccccccoc-.-»« — •- — « — ^■-HOja(v(v(\c.<\<v^.<vi<--r->'i'. fi^'K. r-iolKijj-a-jasfasasriripu.iriririO 
<\* <v «vir 10 ro r) *n Kvro f, Ki ro F) r- »»^ m ^y i», KI K. r, f. rt (•) r, K- p. rr ir r, r* r. K. fj r», KJ r, i», F, »»■ r::c: r. p*; r, IT K) r) F r; K; K; I«: ITJ r r. m m m 

I II! 

5 
ii, n 

10 • 

^  ■ 
I- « 

•0 «M •-!— 

'C >C  IIC 
' Ti- I 

■Q.I !    ; 
•^il^ U iP  U- ' 

<  C:« ^ '»-• t 
i -•: s c r: i 

I 

w C 

a; 

c c 

— o 

o 0 IT. 

c 
—       IT 

- X1 • IT - 

cv; 

II 

.1 £ 

^ C   0    C UiL C" 
I  

■ — C i. i T .- c i "- 1 

-- w |X U.   ♦  *  ^ 
 L r IT i  

II '0 

II U- 
- 0,0 C LL — • 

II III t- H^I J r- 

• u. et- 
- ►- c; c 

If): 

9 -iC C ■ 
c .-!u i- 

a c 
.T Jl 

U J C ^ I-I ^ 
". ;r c < 

•  -• .: u 

II I-  r- 

0.10. X 
C .-1 

II J . 

p-; 

11 

■ IT 
I (H 

. >-. in 
; a: • 

c — 

r-r 2  £ «1 

III 
K) -* Ki 

CO c o 
.": u c u 

^    I sO 00 u 

I 
1 

—      i ^ u. v: 

r — -j o 1 o 11 u. r. 1 

g-! 
■X.  U, 

v- 
z 
c a. 

3 a 

ID 
a 

_i 

u 
_i 

r» J M f\j -■) r .n ^ ,-*-  j 0* ■ J ^* ■J »O J- -1 
J   L — c c CiJ-w^Or-.^* ■^ 

k\j .-o n -i p-i *j KJ ro ro M "•) -o *: Kj n r) f 1 
r T 0 ^  * ^."■•330^    T    - ■3 —    ~   "7 
0 c 0 c ■ ^ -003CCCC- i ^     2>    w 
OO 3 O   3 j 00 0 is 0 3 c J O   3  3 5 o a a o jc o o o o c 1 

■> f-. CD > O—» .Vf) *1-J'» 'D N   0 J^ O -t  \, i-T  J" »n    0 
-, -/    *  ■,...-! .-) r* ;"j J j  ^ j  j-,3   J- j-  3  4" U1 n> ./. IT. M" IT if) 
(O K) fo ■»: o ^ K: K^IM O ro *} O M ro -O K, ro ": »j ^) fi ro ro »o 10 

d,£ ^ S ö c o 

ü r» ij j« o:^ .\; ^o J- ^ ^ r- t j» o ^ AJ ro j- 
•^ »^ « -t (v iX N c^ i^i .\ ^  N. r, .i. r: •*■! KJ -o -o 
»O K~.  K) K) fl <)  Ki ^j K) K-i fO  -T •*) Kl 

^ — ^c^c JC ow — o o c o c;^ — -.- w —,_   
i   ^>OOOC   OO  OO'O^C   3 C O 10  SO   JO^'C 00000 

^ G-37 

k Hü MHI ■Ml in--' iifii'i---1'^ I H M 



w mm mmmmmmwmi «mm MBUPBH i'l i^.-.».^!!;.^...; 111 «"n^umwrtmmimmi'immn 

« 
CM 

in 

^.«.c^cccccccccccccccccccccc 
r-O'CJC^cv.!*   jrir^rcLCC^cvr  c «:< h- a.« c  c^-c 

KJ I») io K» i», IT F' i», p: i>. r: r-, r. r P. *. in i1  r fr c r* m r. f. r, 
-   1   ««   «,<«<««   <<  *  <   «   <   «. «. <   «   ^««.c«. 

I 

1     .     ;     ■    . c ccccccccccc«-c\c 

aaaaa. aoocrcrcraccr 
f   p» r. D I*-/ »»  r, r; K; r*1 r' *. tr r, IT 

I     •  I 
ii c ; 

ü. L. U 

C   •  •   • 

-  i 
it   i 

io 

o 

- I»  II c 
:' - r y., _i 

Q.   -  ^ C\i   ^ 

*C   ~ ■* '-   ■ 

- *- _ c    — c r c 
»-   II _' •-   II U   i.  i.   i. 
>-    J  —  11    „■>-—-.•- 

^ zi*."     c *■ ►- 
nc'-L.a—t-u.'i.u. 
1" U,_l •-• >- J    .—-■►- 

— 1 „M <v | 
a! 
K ! i *■>. t** 

^ VI II *-. •—    » ;  ; 
* 1 • 

i-H   l»^1 » -s ^ D ('     «^ r • L) »- 11 »- 
— U-, ^t 3-| ■J "-,»«1/) 
y  « ♦■ 1 l<-r L.; 
V  t-1 c » ' s -j, •   » « ** »- H K1- a 

C ! 

• »-.   •' c o. t-  *-   L ->*-*. I' X * •~,c > 
■* L- 

L.  C   — »- ~ (\ 7 & .         * • * 1 el- -J 
« V w  * •H »     • c< t - ^ 
"     1    ►-   -H > c 1 - 
T _         ir >- L   '- r |- 
- <■        ~3 _.' r " 

♦    N. 
«) >- C — —. i"    > _ U' C f^ c 
*    V     V*    »M >— ►-  L - ^ <Vj 
_J      *•         *        • 1/    L. \ * 
<-          •      ^      "J ^. '-: . * •£ ■; i 
-1 c   *- *- c .^     >    _ _ ; c ■— «« «v 
>- c:       a. i^ 

M -  u  >- , L   I.    »" II — r~ u u u 
_) u  ii 11 < > <- ■•" :   *" <C lw «->-.■-. o 

C u C u u. ^: 

c 

> 

»v »f. *r-*. fc .. ^ w •-». c *■, r- N r- r- ^ {- r- "^ >'■-... - 
i*} rt f*. ft p) r, •. *t -r; *. f\ Pi * i •! •r) -^ r'i I'I  o  ^   '. n"* **.  ■; r-'1 • . ■ 

I  3   "^ D 3 O ^> -*•   "■ 3 J    J    *    "!   J   "I   -"     ;   -:    **   ^   "    "5    -   ~ 
iC O O CS C — ■-• *■   *   ~ Jw—w^   w w^ C ^.--j.^.:.   -. 

/I   a r^ 

I : 

G-38 



j."   '    ui NwwiwrmniwBwi ' „!„,HllUi|IIIIimPtlWTOllfW««HP|l^.ll,l,. T w»7—' T'lTiniPWP,       i      .in l^F-lT"Tir--').r-"'»^-: " 

APPENDIX H 

SAMPLES OF EXPERIMENTAL DATA 

This appendix lists some of the experimental data obtained on 
ANB-3335-1 propellant at 0oF,   These data are from "pressurized" unlaxlal 
and biaxial experiments.    In total over 250 experiments of the type Illus- 
trated were performed on this propellant at temperatures from -65°F to 
+150oF and pressures from atmospheric to 1000 psl.   After processing the 
raw data through the Preprocessor Code NLOOl^ calculated stress-strain- 
invariant histories are stored on magnetic tape.   The experimental data 
listed In this appendix represents only a partial listing of the calculated 
Information from each experiment.   These listings were obtained using the 
Post Processor Code. 

These data are Illustrated In this appendix to demonstrate the type 
of experimental data obtained and used on this contract. Arrangements can 
be made to obtain a copy of the complete magnetic tape data file for those 
who are Interested In testing theory against real data. 
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